Mineral precipitation in the seawater-dominated Reykjanes geothermal system on the Mid-Atlantic Ridge, Iceland is caused by abrupt, artificially induced, pressure and temperature changes as deep high-temperature liquids are drawn from reservoir rocks up through the geothermal wells. Sulfide scales within these wells represent a complete profile of mineral precipitation through a seafloor hydrothermal system, from the deep reservoir to the low-temperature silica-rich surface discharge. Mineral scales have formed under a range of conditions from high pressures and temperatures at depth (> 2 km) to boiling conditions in the upflow zone and at the surface. Consistent trace element enrichments, similar to those in black smoker chimneys, are documented: Cu, Zn, Cd, Co, Te, V, Ni, Mo, W, Sn, Fe and S are enriched at higher pressures and temperatures in the deepest scales, Zn and Cu, Bi, Pb, Ag, As, Sb, Ga, Hg, Tl, U, and Th are enriched at lower temperatures and pressures nearer to the surface. A number of elements (e.g., Co, Se, Cd, Zn, Cu, and Au) are deposited in both high-and low-pressure scales, but are hosted by distinctly different minerals. Other trace elements, such as Pb, Ag, and Ga, are strongly partitioned into low-temperature minerals, such as galena (Pb, Ag) and clays (Ga). Boiling and destabilization of metal-bearing aqueous complexes are the dominant control on the deposition of most metals (particularly Au). Other metals (e.g., Cu and Se) may also have been transported in the vapor phase. Very large enrichments of Au, Ag and Pb in the scales (e.g., 948 ppm Au, 23,200 ppm Ag, and 18.8 wt.% Pb) versus average concentrations in black smoker chimneys likely reflect that some elements are preferentially deposited in boiling systems. A mass accumulation of 5.7 t/yr of massive sulfide was calculated for one hightemperature production well, equating to metal fluxes of 1.7 t/yr Zn, 0.3 t/yr Cu, 23 kg/yr Pb, 4.1 kg/yr Ag, and 0.5 kg/yr Au. At least three quarters of the major and trace element load is precipitated within the well before reaching the surface. We suggest that a similar proportion of metals may be deposited below the seafloor in submarine hydrothermal systems where significant boiling has occurred. Mass accumulation estimations over the lifetime of the Reykjanes system may indicate significant enrichment of Zn, Pb, Au, and Ag relative to both modern and ancient mafic-dominated seafloor massive sulfide deposits, and highlights the potential for metal enrichment and accumulation in the deep parts of geothermal systems.
Introduction
Recent years have seen a rapid growth in demand for specific elements and metals that are commonly present in only trace quantities in mined ores and recovered only as by-products of other metals. Some of these metals are found in ancient volcanogenic massive sulfide (VMS) deposits that are mined mostly for Cu, Zn and Pb, and in similar modern seafloor massive sulfide (SMS) deposits that might be mined in the future . However, the abundance, distribution, and economic potential of many trace and rare metals in submarine https://doi.org/10. 1016/j.oregeorev.2019.103145 Received 10 May 2019; Received in revised form 13 September 2019; Accepted 27 September 2019 hydrothermal systems is poorly understood due to the inherent difficulties of directly sampling active, deep high-temperature upflow.
During convective hydrothermal circulation, reactions between heated seawater and volcanic rocks occur first at low temperatures as cold seawater is drawn into the oceanic crust in the down-flowing limb ('recharge' zone) of the hydrothermal convection cell, then at much higher temperatures in the deepest parts of the circulation system, reaching 400°C in a high-temperature "reaction zone" at~2 km depth (Mottl, 1983; Alt, 1995 : Hannington et al., 2005 Hannington, 2014) . Metals and reduced sulfur leached from the host rock reach maximum concentrations in the reaction zone where they become major constituents of end-member hydrothermal fluids. This superheated, metalenriched fluid rises through vertically extensive fracture networks to be discharged at the seafloor. The compositions of the venting fluids have been extensively studied (e.g., Von Damm et al., 1985a Damm et al., , 1985b Von Damm, 1990; Butterfield et al., 1994; Edmond et al., 1995; Edmonds et al., 1996; Gamo et al., 1996; Metz and Trefry, 2000; Douville et al., 1999; Gallant and Von Damm, 2006; Schmidt et al., 2007; Koschinsky et al., 2008; James et al., 2014) , but little is known about the fate of metals in the deep sub-seafloor as the fluids escape the reaction zone and rise to the surface. Except in a few cases where the underlying stockwork zones have been drilled (e.g., TAG, Middle Valley, PACMA-NUS), subseafloor geochemical profiles of the altered and mineralized crust of actively-forming massive sulfide deposits have been difficult to study. As a result, a number of questions remain about the transfer of metals from the deeper parts of the hydrothermal system to the seafloor.
Numerous authors have attempted to reconstruct deep hydrothermal upflow zones from studies of alteration in ophiolite sections and in lower oceanic crust exposed by faults (e.g., MARK, ODP Hole 504B, ODP Hole 1256D, Pito Deep, Hess Deep: Parmentier and Spooner, 1978; Oudin and Constantinou, 1984; Alt et al., 1986; Francheteau et al., 1990; Gillis and Thompson, 1993; MacLeod et al., 1996; Gillis et al., 2001; Coogan et al., 2007; Heft et al., 2008; Alt et al., 2010; Adamies, 2010; Barker et al., 2010; Jowitt et al., 2012; Patten et al., 2016 Patten et al., , 2017 . However, the conditions under which the stockwork mineralization formed cannot always be clearly determined, especially in fossil hydrothermal systems.
Mineral scales from actively discharging geothermal systems offer the unique opportunity to relate details of mineral precipitation to the pressure and temperature conditions in the upflow zone, in some cases including actual samples of the mineralizing fluids (e.g., Hardardóttir et al., 2009 Hardardóttir et al., , 2010 Simmons et al., 2016) . In this study, we examine the trace metal distribution in high-temperature mineral scales from downhole pipes and surface pipes in the seawater-dominated, basalthosted Reykjanes geothermal system on Iceland. These scales represent a nearly complete profile of sub-seafloor mineralization from 2.7 km below surface to the silica-rich sinters deposited at low temperatures on the surface. Previous studies have focused on sulfide scaling in surface pipes (e.g., Hardardóttir et al., 2010) and, where drill cuttings have been sampled, on the mineralogy and geochemistry of the altered wall rocks (Marks et al., 2010 Seward et al., 2011; Seward, 2014; Fowler et al., 2015; Fowler and Zierenberg, 2016; Libbey and Williams-Jones, 2016a , 2016b , 2016c .
We present the first comprehensive analysis of mineral precipitates within actively discharging wells from the bottom to the top of the hydrothermal system at well-constrained pressures and temperatures. We examine the trace metals in scales precipitated from the deep, preboiled reservoir liquids at~2 km depth and boiling hydrothermal fluids through the entire upflow zone and in the surface pipes to the point of discharge. These results provide a unique picture of the behavior of the metal load in fluids traversing the whole of the hydrothermal system. Hardardóttir et al. (2013) and Saemundsson and Jóhannesson (2004) .
The Reykjanes geothermal system

Geology
The Reykjanes Peninsula is located on the southwestern tip of Iceland and is the subaerial continuation of the offshore slow-spreading Reykjanes Ridge (~1.8 cm/yr; Fridleifsson et al., 2011 ). The exposed basement volcanic rocks are younger than 700 ka and a significant proportion of the peninsula is covered by post-glacial Holocene (< 13 ka), highly permeable, mafic shield or fissure-fed lavas (Peate et al., 2009 ). The young lavas were erupted from five en-echelon NE-SW trending volcanic systems (Fig. 1) , from west to east: Reykjanes, Svartsengi, Krisuvik, Brennisteinsfjöll, and Hengill, along a 65 km segment of the peninsula (Jakobsson et al., 1978) . The last phase of volcanism on the peninsula, between c. 940 and c. 1340 AD, consisted of basaltic fissure-fed flows. Magmatic activity is now concentrated in submerged ridge segments offshore (Peate et al., 2009) . The Reykjanes geothermal system is hosted within the young and highly permeable basaltic formations. Evidence from the chronology of recent eruptions in the area, which cover altered volcanic units, indicates that the geothermal system has been active at least since the last glacial maximum, 18,000-20,000 yr ago (Hardardóttir, 2011) . The lowest stratigraphic units below 1 km are pillow basalts considered to have erupted in deep water (Franzson et al., 2002; Fridleifsson et al., 2011) . Successive units are stacked to shallower depths where the eruptive style changed to a more explosive mode. The upper 1 km is dominated by subaerial to marine Pleistocene hyaloclastite, breccia, dense phreatic tuffs and marine sediments acting as a semi-impermeable cap on the hydrologic system . Reworked sediments containing shallow water fossils indicate a coastal environment, and the most recent formations include sub-glacial hyaloclastite and subaerial lavas. The stratigraphic succession is intruded by dykes, which increase in abundance at depth (Sigurdsson, 2010) . A low resistivity anomaly 10 km below the surface expression of the geothermal system has been interpreted as either a dense sheeted-dyke complex or a large cooling gabbroic intrusion, and likely represents the heat engine of the shallower hydrothermal system . Frequent, but generally small earthquakes maintain good permeability for hydrothermal upflow . The primary hightemperature upflow exploited by wells RN-10, RN-12, RN-21, RN-27 is controlled by the intersection of a NE-SW trending zone of normal faults and eruptive fissures, N-S trending fractures, and a NW-SE transform fault ( Fig. 2) (Franzson et al., 2002) . The surface thermal manifestation covers~1 km 2 , but a low resistivity zone at 800 m depth has an area of 11 km 2 and likely represents the full areal extent of the hydrothermal upflow (Sigurdsson, 2010) .
Geothermal reservoir
The Reykjanes geothermal system is the only seawater-dominated, basalt-hosted geothermal energy production site in the world. Thirtyseven geothermal wells have been drilled into the field to a maximum depth of 3028 m , drawing on a high-temperature reservoir fluid of modified seawater (Arnorsson, 1978; Sveinbjornsdottir et al., 1986) , which is directly analogous to vent fluid in modern black smoker systems (Hardardóttir et al., 2009 ). The surface infrastructure lies less than 40 m above sea level and is surrounded by the Atlantic Ocean on three sides (Fig. 2) . Based on liquids sampled at the surface and corrected for vapor loss, and the compositions of deep liquid sampled downhole (Hardardóttir et al., 2009; Hannington et al., 2016) , a fluid of essentially constant composition is considered to be feeding all of the wells at Reykjanes. The chloride concentration (~3.2 wt.%) is essentially that of seawater (Hardardóttir et al., 2009) ; other dissolved components such as K + , Ca 2+ , SiO 2 , CO 2 and H 2 S are enriched due to the reaction of heated seawater with the surrounding basalt (Arnorsson, 1978) . SO 4 2and Mg are depleted relative to seawater. A pH (at 25°C) of~5.3 was calculated for the Reykjanes reservoir fluid by Hannington et al. (2016; see Supp. Info.) , and is a unit or more higher compared to typical black smoker MOR vent fluids with a pH at 25°C of 3-4. Kadko et al. (2007) estimated that the crustal residence time of circulating hydrothermal fluids sampled from well RN-12 is less than 5 years, comparable to hydrothermal fluid residence times obtained from submarine hydrothermal systems (e.g., Kadko and Butterfield, 1998) . Surface meteoric waters locally penetrate the upper 30 m of the hydrothermal upflow. However, 87 Sr/ 86 Sr values shift significantly towards seawater values with increasing depth, confirming deep penetration of seawater into the Reykjanes system (Marks et al., 2010) . There is no strong evidence for direct magmatic input in the hydrothermal fluids (Sveinbjornsdottir et al., 1986; Pope et al., 2009) . Sulfur isotope values of sulfide mineral scales in surface pipes range from 2.3‰ to 4.2‰, similar to black smoker sulfide deposits (Springsklee, 2016) . At the time of sampling in this study, the reservoir fluid was boiling in every well from the surface to maximum depths of~1400 m, below which the system is liquid-dominated (one-phase) to a minimum depth of 2.5 km. The highest temperature directly recorded during production is 320°C in the 2054 m deep well RN-10 (Franzson et al., 2002) . At this temperature, the depth level of first boiling for seawater is~1400 m depth below the water table (Arnorsson et al., 2007) . In the RN-10 upflow zone, fluid below about 1400 m depth will be liquid only, above this depth it will be two-phase (Pope et al., 2009 ). In the two-phase zone, temperatures are determined by hydrostatic head and follow the boiling curve (e.g. Franzson et al., 2002) . The temperature at well depths of 1-2.5 km is between 280°and 300°C; however, temperatures up to 350°C have been recorded in the inclined wells RN-17B and RN-30 at depths of 3077 m and 2869 m Sigurdsson, 2012; Fridriksson et al., 2015) . Inflow feed zones (aquifers) occur at various depths from 800 to 1200 m and 1900 to 2300 m, the latter below the boiling zone (Sigurdsson, 2010) . Since the introduction of a 100 MW e power plant in 2007, intense drawdown of fluid has resulted in reservoir pressures dropping by as much as 40 bars, and depth of boiling for some wells (e.g., 19 , and 21) has deepened . A steam cap is also forming in the central part of the field (Sigurdsson, 2010) .
Drill cuttings of altered rocks from the wells show a zoned hydrothermal system at depth (Marks et al., 2010 Williams-Jones, 2016a-2016c) . Temperatures < 200°C are indicated by smectite-zeolite facies alteration down to 500 m depth; temperatures > 200-250°C are indicated by epidote-zeolite facies alteration tõ 1.2 km. Below 1.2 km, epidote-actinolite is dominant, indicating temperatures of 250-350°C, and below~2.4-3.0 km amphibolite facies alteration indicates temperatures of > 350°C (Franzson et al., 2002; Marks et al., 2010) . However, at very shallow depths, high-temperature alteration phases are not consistent with current temperatures and are interpreted to reflect a higher pressure and temperatures during Pleistocene glaciation (Marks et al., 2010 . The extent and mineralogy of the alteration generally have many similarities to alteration beneath actively-forming SMS deposits (e.g., Fowler et al., 2015) .
These control points are hereafter referred to as the OP and FFCV. The OP and FFCV serve as throttle points for well management, to maintain two-phase flow to the separator station at a constant pressure of 22 bar, and also to help minimize silica supersaturation and precipitation in the surface pipes (Hardardóttir et al., 2010) . Abrupt changes in pressure (and temperature) occur at the OP and FFCV, and so significant scaling can occur at these locations. A small amount of brine from the separator station is either sent to the venthouse to control separator pressure or discharged into the Grey Lagoon and, once cooled, released into the ocean. The steam phase, which is sent to the power station, and then out to a condenser and cooling tower, is mixed with brine and re-injected in distal recharge wells to partially mitigate the drawdown of liquid from the system (Sigurdsson, 2010) .
The deepest exploration well drilled to date is where the bottom hole temperature at 3082 m depth is between 320°and 380°C . In 2017, the Iceland Deep Drilling Project (IDDP-2) utilized the existing Reykjanes well RN-15 to drill to 4659 m depth. The project aimed to find supercritical fluids below the current production zone of the Reykjanes geothermal field. IDDP-2 successfully measured temperatures of 426°C and fluid pressures of 340 bars (34 Mpa) corresponding to supercritical conditions within permeable layers at the bottom of the well (Fridleifsson et al., 2017) .
Scaling in the Reykjanes system
As the reservoir liquid is drawn up well pipes for extraction, artificially induced pressure and temperature changes cause boiling and precipitation of sulfides directly from the fluid as millimeter (mm) to centimeter (cm) thick scales in both downhole and surface pipes. Previous work at Reykjanes has shown that the mineralogy of the scales is directly comparable to black smokers at active seafloor hydrothermal vents but with spectacular enrichment of some elements, such as gold (Hardardóttir et al., 2009 (Hardardóttir et al., , 2010 (Hardardóttir et al., , 2013 Hannington et al., 2016) . As noted above, the geometry and the conditions of the deep reservoir zone are well known from downhole measurements and from studies of the host rocks and alteration, but a complete study of the mineral scales, including in the deep subsurface, has never been carried out.
Sulfide and silica-rich deposits in the geothermal wells are especially abundant where large pressure changes occur (e.g., throttling of fluids at control points) and can severely limit the fluid flow and energy The Reykjanes geothermal field, Reykjanes Peninsula, Iceland. High-pressure sampled wells are denoted in red, mediumpressure in orange, and low-pressure wells in yellow. White lines show current pipelines; white well numbers were not sampled in this project. Dashed grey lines show approximate isotherms of wells at 2.2 km depth (modified from Marks et al., 2015) . Base map from Google Earth (2015) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) production (Hardardóttir et al., 2010) . Artificially-induced pressure changes, including 'flashing', during well management cause sulfides to precipitate on the inside of downhole pipes throughout the entire system. Exsolution of gases during boiling (especially H 2 S, H 2 , and CO 2 ) destabilizes metal complexes and promotes sulfide deposition, removing a large proportion of the metal load in the hydrothermal fluid (Drummond and Ohmoto, 1985) . Even in deep wells that extend far below the bottom of the boiling zone, minor sulfide scaling is also present near the bottoms of the wells (e.g., RN-10 in Fig. 4 ).
Mineral precipitation in the deep wells in the Reykjanes geothermal system is thought to be similar to that in the upflow zones and stockworks of boiling seafloor hydrothermal systems, with the two-phase, boiled fluid emerging at the wellhead being depleted in metals due to sub-surface precipitation. The sub-surface scaling is analogous to stockwork mineralization; scaling in the surface pipes through to lowtemperature discharge in the Grey Lagoon represents lower-temperature deposition similar to what may occur near the seafloor. Unboiled reservoir liquids in the Reykjanes system correspond to the deep hightemperature fluids in seafloor hydrothermal systems (e.g., Hardardóttir et al., 2009; Hannington et al., 2016) .
Mineral scales in shallow downhole pipes and in upstream surface pipes before the first orifice plate (OP) most closely resemble the mineral assemblages in high-temperature sulfide chimneys of seafloor hydrothermal systems (Hardardóttir et al., 2010) . Between the wellhead and the first orifice plate ('upstream' from the FFCV: Fig. 5a ), the two-phase fluid pressure is always above~22 bar, which maintains high-temperatures in the surface pipes (e.g., from 220°to 259°C: Table 1 ). Precipitation of high-temperature sulfides (i.e., Cu-and Cu-Fesulfides) occurs on the walls of the upstream pipes ( Fig. 5a ) and on the 'upstream' side of the orifice plate ( Fig. 5b ). Precipitation of Cu-and Cu-Fe-sulfides also occurs directly on the FFCV (Fig. 5c ). Downstream from the FFCV, towards the separator station ( Fig. 5d ), sulfide precipitates are similar to lower-temperature seafloor massive sulfides (i.e., dominated by Pb-and Zn-sulfides). Closer to the separator station, scales are mainly amorphous silica with minor or trace sulfides. By the time the two-phase fluid reaches the separation station, virtually all metal has been deposited, and the solids precipitated from the brine released to the Grey Lagoon consist mostly of silica (Sternbergh, 2016) . These precipitates are analogous to low-temperature silica-rich deposits formed by diffuse hydrothermal venting in active seafloor hydrothermal systems (e.g., Herzig et al., 1988) .
The scaling in the surface pipes has been extensively studied by Hardardóttir (2011) . In this paper, we focus on the downhole scales and especially the behavior of the trace metals from the top to the bottom of the geothermal system.
Methods
Sample collection
Mineral scales examined in this study were collected by V. Hardardóttir (Icelandic GeoSurvey, ISOR) during periodic well maintenance over an eleven-year period between 2003 and 2014 in cooperation with HS Orka HF, which operates the geothermal installation. Samples were collected from surface pipelines and the power station (Reykjanesvirkjun) when the pipes were opened for cleaning and during turbine maintenance breaks. Scales inside the pipes could be accessed and the orifice plates and fluid flow control values could be removed. A total of 87 samples were collected between the different wellheads and the Grey Lagoon. Scales were photographed and described before removal, with the flow direction noted (Table 2) .
Downhole scales were collected during periodic well workovers, either by rotary cleaning (e.g., or by removal of the downhole liner following quenching of the well (e.g., . In 2009, nine samples were collected from well RN-22 between 141 and 669 m depth during an attempt to remove sulfide scales from the casing and liner. In 2013, well RN-22 was quenched by injecting cold water, and the complete liner removed from the well. This provided a unique opportunity to sample scales from the liner to a depth of more than 1.6 km. The majority of scales, however, became dislodged during liner removal and fell to the bottom of the well. However, 8 samples were taken from scales still fixed to the liner wall from 1051 m to 1088 m and 1636 m to 1646 m (Hardardóttir, 2014) . In 2014, 24 samples were collected between surface and 1832 m depth from well RN-10 during reaming of the well while in discharge (hot well). This required a special gland to seal around the drill pipes and divert the flow from the rig. A tricone drill bit removed the scaling from the interior of the pipes, and scales were transported to surface by two phase flow (steam and water) as fragmented chips. Scale cuttings in the fluids were collected at specified intervals using a wire sieve at surface. The depths from which the scales were dislodged and transported to the surface were recorded based on the depth of the drill bit. In 2011, a stainless steel apparatus for a fluid inclusion study was suspended by a wireline at 2700 m depth in well RN-17B for three weeks at reservoir conditions of~170 bar and 330°C (Seward et al., 2011; Hardardóttir et al., 2013) . Sulfides that precipitated in holes in the outer housing of the apparatus were collected for analysis when it was returned to the surface (Hardardóttir, 2014) .
Bulk geochemical analyses
Eighty samples of sulfide-bearing scales from representative locations throughout the Reykjanes geothermal system were prepared for bulk geochemical analysis. To check for steel fragments from the well liner, a strong magnet was passed through samples to remove the magnetic component. This was examined under a binocular microscope and any remnant steel liner fragments removed before returning the magnetic mineral component back to the bulk sample. No bulk jaw mill crushing was required. Samples were pulverized in a 250-ml capacity agate mill with 5 x10 mm agate balls (Fritsch Pulverisette 5). Each sample (15-25 g) was pulverized in 5-minute cycles, repeated as necessary up to 5 cycles to achieve a fineness of less than approximately 105 µm (150 mesh). Between samples the mill was cleaned with quartz sand (0.1-0.3 mm coarseness) in at least three 5-minute cycles each. Samples were analyzed for major elements by ICP-OES (Al, Ca, Fe, K, Mg, Na, Si, Ti, S) following a sodium peroxide fusion and total acid digestion at Activation Laboratories, Ancaster, Canada. Trace elements were analyzed by a combination of instrumental neutron activation analysis (INAA: As, Au, Br, Cr, Hf, Hg, Ir, Lu, Sb, Sc, Se) and by ICP-MS following sodium peroxide fusion and total digestion (B, Ba, Be, Bi, Cd, Ce, Co, Cs, Cu, Dy, Er, Eu, Ga, Gd, Ge, Hf, Ho, In, La, Li, Mn, Mo, Nb, Nd, Ni, Pb, Pr, Rb, Sm, Sn, Sr, Ta, Tb, Te, Th, Tl, Tm, U, V, W, Y, Yb, and Zn) . Where samples contained high Cu (> 1 wt.%), Zn (> 1 wt.%), Pb (> 0.5 wt.%), Cd (> 0.5 wt.%), or Au (> 3 ppm), re-analysis was performed using a four-acid total digestion ICP-OES assay technique (Cu, Zn, Pb, Cd), and gravimetric fire assay (Au). Fluorine was determined in a subset of samples by an ion-selective electrode technique (ISE). The accuracy and precision of the bulk analyses were monitored by repeat analysis of the CCRMP certified reference material CZN-4 (n = 3) and duplicates (n = 10) inserted evenly throughout the batch.
The chemical data are summarized in Tables 3 and 4 and the  complete data set is reported in Table A1 . Data for an additional 35 surface scales, 5 samples from the Grey Lagoon and separator station, and 8 shallow downhole samples previously analyzed by ISOR (Hardardóttir et al., 2010; Hardardóttir, 2011 Hardardóttir, , 2014 are also included.
Data for the deep sulfide scales in RN-17B are from Hardardóttir et al. (2013) .
Electron microprobe analysis
Polished thin sections of all scales were prepared for transmitted and reflected light microscopy and mineral analysis (summary in Table 5 ). The downhole samples from RN-10 consist of small chips, which were prepared as grain mounts embedded in epoxy and polished for reflected light microscopy.
Discrete mineral phases in the sampled scales were analyzed for Fe, Cu, Zn, Pb, Au, Ag, and S on a JEOL-8200 Superprobe equipped with five wavelength-dispersive spectrometers and one energy-dispersive detector at the GEOMAR Helmholtz Center for Ocean Research Kiel in Germany. Copper, Fe, and S were calibrated using a natural chalcopyrite standard, Zn by a synthetic sphalerite standard, Pb by a galena standard, and Au and Ag by an Au 60 -Ag 40 alloy. Magnetite (n = 8) was analyzed for Ti, Fe, Al, Cr, Si, Ni, Mg, Mn using an ilmenite standard for Ti, Fe, and Mn, a chromite standard for Al, Cr, and Mg, an anorthite standard for Si, and a synthetic NiO standard for Ni. Operating conditions were 15 kV accelerating voltage and 50nA current with a 50 s count time. The full data sets are presented in Table B1 (sulfides and Au-bearing phases) and Table C1 (non-sulfides). Hardardóttir et al., 2010) . Above the boiling level, fluid flow consists of vapor and liquid. The inset shows the first surface control point after the wellhead (i.e., Fig. 3 ), which consists of the cone-shaped fluid flow control valve (FFCV) and the orifice plate (OP). The upstream and downstream locations and the direction of fluid flow are indicated (arrows).
X-Ray diffraction
X-ray diffraction (XRD) analysis was carried out on whole-rock powders of all downhole samples from RN-10 using a Philips X-Ray PW 1710 diffractomer and goniometer, equipped with a Co-tube and an automatic divergence slit and monochromator at GEOMAR Helmholtz Center for Ocean Research Kiel, Germany. Operating conditions were 40 kV and 35 mA, a 2-theta scanning angle of 4°to 75°, and a scan rate of 1 s per 0.02°step. The software package MacDiff (version 4.2.6) was used to manually identify mineral phases.
High-resolution scanning electron microscopy (HR-SEM)
High-resolution field-emission SEM imaging at Fibics Incorporated in Ottawa, Canada, was performed on downhole samples from well RN-10: two samples from the boiling zone at 1098 m and 1099 m, and one from below the boiling zone at 1832 m depth. The instrument used was a Zeiss Sigma HD variable-pressure field-emission scanning-electron microscope (SEM), which was operated with an accelerating voltage of 15 kV, a beam current of 7nA (120 mm aperture), and a working distance of 10 mm. Images were taken using the backscattered electron (BSE) detector.
Results
Downhole and surface scales were sampled from five different zones, each with well-defined conditions: I) below the boiling zone in wells RN-10, RN-22, and RN-17B (i.e., below~1400 m in well RN-10, from 1636 m to 1646 m in RN-22, and at 2700 m in RN-17B); II) within the deep part of the boiling zone, from 1504 m to 1085 m in RN-10 and 1064 to 1088 m in III) in the central part of the boiling zone from 904 m to the wellhead in RN-10, from 669 m to 141 m in RN-22, and then from the wellhead to the first orifice plate where pressure drops to~22 bar in each of 11, 12, 13B, 14, 14B, 15, 22, 23, 26, and 28 ; IV) in the surface boiling zone from the first OP and FFCV tõ 40 m downstream in each of RN-10, 11, 12, 13, 13B, 14, 14B, 15, 18, Grant, et al. Ore Geology Reviews 116 (2020) 103145 Average values of raw geochemical data for scaling from the Reykjanes geothermal system by scale group (see text Section 4.1) and well pressure. Abbreviations for pressure (P) of wells: HP = high-pressure, MP = medium-pressure, LP = low-pressure. N = number of samples, na = not analyzed, and '-' = not above detection. 
HP 6 -0.28 0.38 5.87 0.1 5.0 3.0 0.2 5.2 1.52 2.40 0.28 1.65 0.25 0.07 (Table A1 ).
Scale mineralogy
Group I scales: below the boiling zone
These samples represent mineral scales that precipitated directly from unboiled fluids at depth in the Reykjanes geothermal system. Fourteen composite samples were collected from three high-pressure wells beneath the boiling zone: between 1575 m and 1832 m depth in RN-10, between 1636 m and 1646 m depth in RN-22, and at 2700 m depth in RN-17B. Scales in RN-10 are at least 1 mm thick (maximum chip size~5 mm) but the exact thickness at each sampling point is unknown due to the rotary drilling method of cleaning the wells and the highly fragmented nature of the scale samples. The deepest scales in RN-22 were no more than 2 mm thick (Hardardóttir, 2014) .
The most common sulfides below the boiling zone in both RN-10 and RN-22 are dark-red pyramidal wurtzite ( Fig. 6a ) and dark brown to black sphalerite (Table 2) . They are equally abundant and exhibit a variety of textures, most commonly as lath-shaped crystals up to 3 mm in size and as fine-grained dendrites, often with a preferred alignment or growth direction, often with chalcopyrite ( Fig. 6b ). In RN-10, 
Average values of raw geochemical data for scaling from the Reykjanes geothermal system sorted by groups (see text Section 4.1), well pressure, and specific location of sampling. Abbreviations for pressure (P) of wells: HP = high-pressure, MP = medium-pressure, LP = low-pressure. N = number of samples analyzed, and '-' = not above detection. Location abbreviations: OP = orifice plate, FFCV = fluid flow control valve.
inclusions of chalcopyrite are abundant, often as aligned crystals within dendritic Zn-sulfides. The chalcopyrite is variably associated with bornite and/or covellite, which are complexly intergrown with the host Zn-sulfide at a micron-scale, giving the sphalerite and wurtzite a mottled appearance (Fig. 6c ). The lath-shaped crystals of sphalerite and wurtzite are commonly skeletal and can have high porosity (e.g., Fig. 6a ). Sphalerite locally forms 'hopper' crystals ( Fig. 6d ) indicative of supersaturated solutions where sphalerite crystallized rapidly, leaving gaps between crystal domains and small inclusions of chalcopyrite aligned along growth planes. Wurtzite has two distinct habits (bladed and pyramidal) enabling clear identification in many samples, and was confirmed by XRD (Table 2 ). It has strong red internal reflections and contains variable amounts of chalcopyrite and associated minor bornite or covellite. At and below 1680 m in RN-10, some wurtzite has a distinctive bladed 'sawtooth' habit, commonly with abundant coarse monomineralic chalcopyrite ( Fig. 6e ). Chalcopyrite is present in nearly all scale samples below the boiling zone in RN-10, most commonly as rims on massive sphalerite/wurtzite, as blebs in massive sphalerite/wurtzite, and as coarse, monomineralic blades up to 5 mm in size ( Fig. 6f ). Coarse, bladed chalcopyrite increases in abundance downhole, particularly between 1737 m and 1800 m depth in RN-10. Chalcopyrite blebs within, and interstitial to Zn-sulfide dendrites and laths in RN-10 are associated with bornite, digenite, and covellite. Unlike RN-10, the deep scales in RN-22 (from 1638 to 1648 m) contain very little to no Cu-or Cu-Fe-sulfides, although this may reflect a sampling bias. Chalcopyrite-and rare pyritebearing scales, rock fragments, and clay were found at the bottom of the well liner (~1650 m relative depth) when pulled to surface.
Other sulfides are found in trace quantities in Group I scales. Wellcrystallized pyrrhotite, minor skeletal galena, and trace pyrite occurs in scales from 2700 m depth in well RN-17B (see also Seward, 2014) , but no pyrrhotite or galena were seen in scales below the boiling zone in wells RN-10 or RN-22. XRD analysis indicates that isocubanite is present at 1800 m and 1832 m depths in RN-10, and covellite between 1575 and 1800 m. There is a thin coating of fine-grained covellite on many samples that is removed during polishing, indicating that it may be due to late oxidation of the samples. One coarse monomineralic pyrite scale was recovered from 1832 m depth in RN-10. Elsewhere, fine-grained euhedral to subhedral pyrite is only rarely found in Zn-sulfides or chalcopyrite; where seen it is commonly brecciated, overgrown and partially replaced.
Coarse, monomineralic magnetite up to 5 mm in size is present at and above 1575 m in RN-10. Below this depth, and in RN-22, magnetite decreases in abundance and only occurs as 5-20 μm disseminations in fine-grained silica. Secondary hematite and goethite occur in samples recovered from 1636 m in Free grains of gold (< 5 μm) were found within sulfide crystals captured on the stainless steel apparatus placed at 2700 m in well RN-17B as part of a downhole experiment (cf. Hardardóttir et al., 2013) . The gold is particularly associated with chalcopyrite and pyrrhotite ( Fig. 6g ). Dendrites of native silver are also common in RN-17B (this study; Fig. 6h ). XRD analyses indicate the deep scales from RN-10 and RN-22 also contain minor amounts of amorphous silica, chlorite (chamosite, clinochlore, nimite), epidote, enstatite, diopside, amphibole (hornblende), and clinozoisite. Smectite is present at 1504 m in RN-10, but is not found at greater depths (Table 2) .
Group II scales: lower boiling zone
Sulfide scales formed above boiling onset were collected in 15 samples from 1085 to 1504 m in RN-10 and 1050 to 1088 m in RN-22. The scales are dominated by sphalerite and wurtzite, similar to the massive, dendritic, and skeletal Zn-sulfides from deeper in the wells. Wurtzite is present in all samples from this group in RN-10, recognized by its dark red-brown color and hemimorphic pyramidal habit. It is distinct from the lighter-colored wurtzite in the Group I scales and increases in abundance up the well above the onset of boiling. Hopper crystals of Zn-sulfide occur between 1245 m and 1138 m in RN-10. Colloform-banded sphalerite plus chalcopyrite was found in one sample recovered from 1099 m depth (Fig. 6i ). The abundance of chalcopyrite increases upwards through the lower boiling zone in well RN-10, with massive coarse chalcopyrite observed in the samples from 1168 m to 1095 m. Chalcopyrite blebs within, and interstitial to, dendritic Znsulfide laths are common and occur with variable bornite, covellite and digenite. Bornite and digenite (often replacing sphalerite) increase above 1136 m depth (Table 2) , and between 1136 m and 1085 m, they are more abundant than chalcopyrite. Compared to RN-10, Cu-bearing sulfides are relatively rare in RN-22.
Electrum is abundant in Group II scales, between 1148 m and (Table 2 ). In all wells electrum is common in dendritic sphalerite and occurs with blebby chalcopyrite as < 0.5-3 μm grains, typically at the grain boundaries between chalcopyrite and sphalerite/wurtzite ( Fig. 7a ) and only rarely in wurtzite where chalcopyrite is absent. It is coarsest (~8 μm grains) when associated with massive, coarse chalcopyrite, for example at 1098 m in RN-10. It is rarely associated with bornite or covellite. Electrum is also not present in the 'hopper' crystals of Zn-sulfides. Pyrite was observed as fractured crystals within chalcopyrite bands at downhole depths of 1098 m, 1198 m, and 1245 m in RN-10 but is otherwise uncommon in the lower boiling zone. Magnetite is common in Group II scales as isolated blocky grains with or without chalcopyrite inclusions, and locally with distinctive bands similar to Liesegang banding ( Fig. 6j) .
Amorphous silica and Fe-Mg silicates (chamosite and clinochlore) are present in Group II scales. Other minerals identified by XRD include illite/montmorillonite, kaolinite, hornblende, enstatite, spinel, garnet (almandine), nontronite, saponite, and zoisite (Table 2 ) and are likely found in altered basalt chips.
Group III scales: upper boiling zone
Thirteen samples of scales were collected from wells RN-10 and RN-22 between 904 m and the surface wellhead. Nineteen samples were also collected from the top of the boiling zone between the wellhead and the first throttle point (OP). These samples were from high-pressure (32-50 bar) wells 11, 14, 14B, 22, 23 , and 28, a medium-pressure (28-32 bar) well RN-12, and two low-pressure (25-28 bar) wells RN-13B and 15.
Sphalerite is the dominant sulfide, with minor wurtzite. It has distinctive dendritic and skeletal textures similar to those in Group I and II scales. This is interpreted to reflect early-stage nucleation and very rapid precipitation. Fine-grained sphalerite with high porosity was also observed (Fig. 6k ). Pyrite and pyrrhotite are rare; trace pyrite is present at 660 m depth in RN-10 and at between 618 m and 141 m depths in . Pyrrhotite was also documented in RN-22 and in surface scales by Hardardóttir et al. (2010) , but it is not directly associated with either pyrite or magnetite. Magnetite decreases in abundance up the well tõ 660 m depth in both in RN-22 and RN-10 (Table 2) . Hematite (and maghemite: Hardardóttir, 2011) is more common in the shallow scales, particularly above 669 m in Electrum is abundant at 660 m in RN-10, where it is associated with chalcopyrite at grain boundaries with sphalerite, as in the lower boiling zone ( Table 2) . Fine-grained (< 1μm) electrum also occurs in fractures in rare brecciated pyrite at 660 m depth but is not associated with pyrite in any other samples in this group. Scales from RN-22, between 669 m and 141 m, contain discrete < 5 μm clusters of native silver intergrown with semi-massive sphalerite and bornite (Hardardóttir et al., 2010) .
Closer to the wellhead and first throttle point in the surface pipes, all sulfide minerals in Group III scales become more fine-grained and contain less chalcopyrite. Dendritic and lath-shaped sphalerite are intergrown with chalcopyrite, bornite, and trace digenite (Fig. 6l ), often showing a preferred mineralizing direction (Fig. 6m ). Mineral abundances vary between wells; the high-pressure well RN-23 has a higher abundance of well-crystallized sphalerite, chalcopyrite, and electrum grains. and RN-14B (high-pressure) contain less sphalerite but greater amounts of galena (e.g., Fig. 6n ), and silver and secondary minerals filling late cooling fractures (Fig. 6o ). Trace, brecciated pyrite (< 10 um) is dispersed in chalcopyrite-rich bands in wellhead scales in RN-10 and up to the first orifice plate in RN-11 ( Fig. 6p ), similar to downhole scales.
Amorphous silica and Fe-Mg silicates (chamosite and clinochlore) are also present in the scales near the wellhead. Other minerals identified by XRD from scales in the upper part of the boiling zone in RN-10 and RN-22 include epidote, clinozoisite, amphibole (hornblende), diopside, spinel, garnet (almandine), wollastonite, micas, and calcite (Table 2) . Similar to Group II scale samples, these minerals are likely sourced from altered basalt.
Group IV scales: surface boiling zone
Sixty one samples were collected downstream from the orifice plate (OP) in high-pressure wells 11, 14, 14B, 22, 23, 26, 28) , medium-pressure wells (RN-12, 21, 24 ) and low-pressure wells 13B, 15, 18) . These scales are dominated by sphalerite and minor wurtzite intergrown with digenite and bornite within fine-grained silica. The Zn-sulfides have textures that are similar to Group I, II, and III scales but are much finer-grained. Chalcopyrite is much less abundant, and bornite and digenite are the most common Cu-bearing sulfides, particularly on the OP and FFCV (Fig. 6q) . Discrete mm-scale bands of the very fine-grained (< 2 μm) Cu-and Cu-Fe-sulfides are often intergrown with bands of similarly fine-grained (~4 μm) Zn-sulfides. Where present, the sphalerite laths commonly have preferred orientations that indicate fluid flow direction, particularly on the FFCV (Fig. 6r ). Abundant fine-grained galena is intergrown with bornite and digenite, particularly in samples from medium-and low-pressure wells (Fig. 6n ). On the OP and FFCV and in samples collected farther downstream in lowpressure pipes, dense scales with abundant galena (Pb >~12 wt.%) and chalcopyrite (Cu >~20 wt.%) show distinctive cooling fractures that are filled with remobilized minerals and silver, similar to that described by Hardardóttir (2011) . Discrete grains of electrum (< 1-2 μm) occur with trace chalcopyrite on the FFCV; however, electrum is visible under the microscope only where Au concentrations exceed~250 ppm.
Late fine-grained covellite alters and coats the sulfides at and immediately after the OP in RN-12 and RN-23 (e.g., Fig. 6q ). Downstream from the OP and FFCV, Cu-bearing sulfide abundance decreases in all well types (Fig. 6r) . The proportions of all sulfides in most wells decrease relative to silica immediately after the OP and FFCV and often show varying flow directions within the same samples (Fig. 6s ). However, the scales from high-pressure well RN-23 still contain significant sphalerite and Cu-bearing sulfides~32 m downstream (Fig. 6t ).
Group V precipitates: separator station and Grey Lagoon
Group V samples are dominated by silica; sulfides (mainly sphalerite) are only present in trace amounts. Scales from the separator station include thin, alternating bands of dark grey or black amorphous silica with traces of disseminated sulfides. Scales from the venthouse are thicker (~3 cm) and composed of similar < 1 mm to 1 cm layers of dark gray to black amorphous silica with traces of sphalerite alternating with nearly pure white amorphous silica layers (see also Hardardóttir, 2011) . At the point of discharge into the Grey Lagoon, at atmospheric pressure and < 100°C, amorphous silica is deposited in soft, unconsolidated layers in the pool (Hardardóttir, 2011) .
Mineral paragenesis
In the majority of scales, a natural paragenetic sequence is difficult to determine because mineral precipitation was artificially induced by changes in pressure and temperature during well management. However, some important relationships are evident. The coarsest sulfide grains formed at high pressures and temperatures at depth in the wells. Crystal aggregates of coarse-grained scales are also commonly observed as clasts or "chips" embedded in later scales, indicative of local rip-up and re-deposition. Some chips are several mm in length, often with rims of high-temperature minerals such as chalcopyrite, and they appear to have broken from the well linings in the fluid flow and re-deposited. In intact scales, complex banding and intergrowths of chalcopyrite and sphalerite, locally with well-defined sharp boundaries are common.
The very fine-grained intergrowths and dendritic texture of Znsulfides with Cu-and Cu-Fe-sulfides are likely caused by rapid co-precipitation, commonly with chalcopyrite growing epitaxially on skeletal sphalerite or wurtzite. As the Zn-sulfide fully crystallized, blebs of chalcopyrite were preferentially aligned subparallel to crystal edges or laths of the Zn-sulfide and are typical of high degrees of supersaturation and precipitation conditions far from equilibrium (e.g., Craig and Scott, 1976) .
In many samples recovered from downhole in well RN-10, Cu-and Cu-Fe-bearing sulfides form an outer coating, indicating higher temperatures just prior to sampling. In strongly banded scales from well RN-10, a repeated sequence is observed of a thin, fine-grained silica layer followed by dendritic sphalerite, with or without chalcopyrite (and other Cu-and Cu-Fe-sulfides), and then a monomineralic, often coarse grained, chalcopyrite band. This suggests repeated cycles of abrupt cooling followed by progressive heating. In the majority of scales containing pyrite (e.g., in RN-10), the pyrite is earlier than chalcopyrite and sphalerite (e.g., Fig. 6p ). Clasts of pyrite are either coated by fine-grained chalcopyrite and/or sphalerite and wurtzite, or contain these sulfides (and electrum) as later fracture fill.
Electrum is associated with all of the primary sulfide phases (sphalerite, wurtzite, and chalcopyrite), whereas native Ag and secondary minerals filling fractures (potentially sulfosalts; Hardardóttir, 2011) are coeval with or later than galena.
Mineral chemistry
Iron contents of sphalerite and wurtzite range from 4.8 to 13.5 mol % FeS (Table B1 .1). Sphalerite and wurtzite from Group I scales in RN-10 collected at 1668 m and 1832 m depths (Table 5) Chalcopyrite in Group II and III scales from RN-10 was also analyzed (Table 4) . At 660 m, it contains an average of 7.1 wt.% Zn, and less Cu (avg. 30.9 wt.%) and Fe (27.2 wt.%) than stoichiometric chalcopyrite. The compositions likely represent a Cu-Zn-Fe-S intermediate solid-solution close to stoichiometric chalcopyrite, and similar to that reported in surface pipes by Hardardóttir et al. (2010) . The unusual Curich pyrrhotite in the upper part of the system may also be a product of an intermediate Fe-Cu-S solid solution or a metastable phase (Hardardóttir et al., 2010) . Several analyses of bornite in RN-10, which is very fine-grained and therefore difficult to analyze, indicate a non- (Table 5) , very similar to that reported from RN-22 by Hardardóttir et al. (2010) . Despite the very high Ag concentrations of the bulk samples, no significant Ag was detected in microprobe analyses of chalcopyrite.
Due to the abundance of ultrafine inclusions in the other minerals, high concentrations of certain trace elements (Ag, Pb, Au) were detected in many of the EPMA analyses (Table B1. Table B1 .2 for full dataset).
There is an apparent increase in the Ag content of electrum from nearly pure Au at 2700 m depth to more Ag-rich electrum in Groups II and III (Table 4) , to native Ag in Group IV surface pipes. Electrumbearing samples from RN-10 within the lower boiling zone (Group II: 1098 and 1099 m depth) and below the boiling zone (Group I: 1832 m depth) were analyzed by HR-SEM. Fig. 7 shows examples of electrum at grain boundaries between chalcopyrite and sphalerite (1098 and 1832 m depths) and within fractured sphalerite (1832 m depth). In coarse, clean chalcopyrite, grains of electrum are commonly larger, and in backscatter are brighter, indicating higher Au and lower Ag. Free grains of gold (< 5 μm) in association with chalcopyrite and pyrrhotite were found within sulfide crystals from the downhole apparatus recovered from 2700 m in well RN-17B ( Fig. 6g) (Hardardóttir et al., 2013) .
Bulk geochemistry
The major and trace element geochemistry were determined for 129 scale samples from the deep sub-surface through to distal surface pipelines. The downhole variations in the bulk compositions of the scales are illustrated in Figs. 8 and 9 .
Major elements
Silica: Bulk SiO 2 concentrations are similar in scales from below and at the onset of boiling (Group I and II: avgs. 17.9 and 16.5 wt.%, respectively) and increase slightly to the surface wellhead and upstream of OP/FFCV (Group III). Beyond the throttle point (Group IV), SiO 2 concentrations increase to a maximum of 84.0 wt.%. The scales in medium-pressure scales contain more SiO 2 (avg. 23.7 wt.%) than those in high-pressure wells (avg. 12.0 wt.%). Group V scales contain on average 65.7 wt.% SiO 2 (Fig. 8) . Scales from the venthouse are almost entirely SiO 2 (92.2 wt.%).
Iron: Iron concentrations in all scales are highest downhole at the onset of boiling and decrease to the top of the boiling zone. The variation from the bottoms to tops of the wells are highly dependent on the well pressure. Iron concentrations are highest in the deep scales of RN-17B (28.7 wt.%) and in the lower part of the boiling zone (e.g., Group II scales, avg. 23.9 wt.%; Table 4 ). Group III scales show a decrease in Fe concentrations (avg. 8.83 wt.%) up to the wellhead. There is a reversal at the OP and FFCV, particularly for medium-pressure wells (Fig. 9) , where Group IV scales contain up to 12.9 wt.% Fe. Iron concentrations in Group V scales are the lowest (avg. 3.16 wt.%); however there is still significant Fe in scales at the separator station (avg. 9.08 wt.%). The majority of the Fe in scales is contained in Fe-bearing sulfides such as chalcopyrite, but there is a significant amount of Fe in Fe-silicates from the wall rock, such as amphiboles and pyroxene, and silicates precipitated with the sulfides, such as chlorite (chamosite and corrensite), and clays such as saponite and nontronite ( Fig. 10a ; Table D1 ).
Manganese: Manganese shows very similar relative abundances as Fe. It is most abundant downhole and is particularly enriched in RN-22 (up to 0.78 wt.%, averaging 0.18 wt.%) and RN-17B (0.42 wt.%). Group I scales from below the boiling zone in RN-10 have somewhat lower Mn (avg. 0.08 wt.%). Manganese concentrations in scales from the lower boiling zone increase at the onset of boiling, but then are highly variable to the top of the boiling zone, including on the OP and FFCV, in all wells. Concentrations in the high-pressure and medium-pressure wells are similar, but they are lower in the low-pressure wells (Fig. 9 ). Manganese concentrations increase in Group IV scales downstream from the control valves, and distal Group V scales have the lowest Mn concentrations (avg. 0.13 wt.%). Average concentrations of 0.40 wt.% Mn in scales from the separator station show that there is still significant Mn in the system at the most distal discharge, although absolute concentrations decrease in the Grey Lagoon (to < 0.03 wt.%) owing to dilution by silica. Manganese is present in magnetite but is also positively correlated with Al (and Ga), particularly in low-pressure Group III scales, and therefore likely contained within Al-bearing minerals such as clays ( Fig. 10b and 10c; see below) .
Copper: Copper concentrations in the sulfide scales increase significantly at the onset of boiling (from Group I to Group II) all the way to the surface (Group III scales) and especially at the FFCV (Group IV: Fig. 8 ). Copper concentrations in Group I scales average 1.50-1.42 wt. %, respectively, in RN-10 and RN-22, but are low in the deepest scales from 2700 m in RN-17B (0.08 wt.%). Scales in the medium-pressure wells and low-pressure wells are particularly enriched in the upper part of the boiling zone (avg. 6.37 wt.% and 12.0 wt.%, respectively) compared to the sampled material from the high-pressure wells (avg. 3.15 wt.%), probably reflecting the lower temperatures of the lowpressure wells that cause the precipitation of Cu-Fe-sulfides. There is an increase in Cu contents in scales from the high-pressure wells between the wellhead and OP. The highest concentrations of Cu in every well are at the OP and FFCV (Group IV scales: avg. 15.4 wt.%) reaching a maximum of 27.1 wt.% on the FFCV. Copper concentrations decrease downstream, particularly in low-pressure wells, although samples from as much as 32 m downstream locally still contain up to 13.8 wt.% Cu. Distal scales contain significantly less Cu (avg. 0.69 wt.% in Group V).
Zinc: Zinc is the most abundant metal in all scales, especially below the boiling zone (Group I: avg. 27.2 wt.%), decreasing slightly in Group II scales and then increasing again in the upper boiling zone and surface pipelines (Fig. 8 ). Zinc concentrations in Group I scales reach 51.0 wt.% at 1575 m depth in RN-10 and are somewhat lower in 14.4 wt.%). However, the minor scales from the deepest part of the system (2700 m depth in RN-17B) contain much less Zn (3.14 wt.%). In the boiling zone, Zn concentrations average 17.1 wt.% (Group II scales) to 39.4 wt.% (Group III scales), with the highest concentrations at the wellhead (36.6-40.3 wt.% Zn) and on the upstream side of the FFCV (up to 64.7 wt.% Zn in well RN-28) ( Fig. 9) . Scales in the high-pressure wells are particularly enriched in Zn in the upper part of the boiling zone (avg. 46.9 wt.%) compared to scales from the medium-(avg. 15.4 wt.%) and low-pressure wells (avg. 24.0 wt.%). Group IV scales from high-pressure wells are still highly enriched in Zn even~32 m downstream from the OP, with up to 44.9 wt.% Zn. Distal Group V samples contain significantly less Zn (avg. 3.67 wt.%), and no Zn was detected in the silica-rich scales from the venthouse.
Lead: Concentrations of Pb are low in the Group I scales from below the boiling zone and are highest in scales deposited by surface boiling (Fig. 8 ). Group I scales contain an average of 0.02 wt.% Pb, slightly higher in RN-22 (avg. 0.06 wt.%) than in RN-10 (avg. 0.01 wt.%). The deepest scales from RN-17B contain no detectable Pb. Lead concentrations remain low in the high-temperature boiling zone (avg. < 0.01 wt.% in Group II scales) but sharply increase at the wellhead where scales from medium-pressure wells contain an average of 5.75 wt.% Pb. Scales from the boiling zone of the low-pressure wells contain an average of 9.54 wt.% Pb, whereas scales from the highpressure wells have an average of only 0.05 wt.%. Lead concentrations decrease sharply downstream of the OP in all well types (Fig. 9 );~32 m downstream in RN-23, the scales contain only 0.64 wt.% Pb. Distal Group V scales have an average of 0.29 wt.% Pb; lower than in Group IV scales but significantly higher than in Group I and II scales. Lead is below detection in the silica-rich scales from the venthouse.
Sulfur: Bulk sulfide concentrations increase from below the boiling zone, through the lower and upper boiling zones to the surface throttle point (Fig. 8 ). Group I scales contain an average of 17.0 wt.% S; at the onset of boiling, scales in RN-10 contain less sulfide (e.g., between 1504 m and 1085 m), but Group III scales have high concentrations (avg. 23.8 wt.% S). The most abundant sulfide is deposited upstream of the FFCV in the high-pressure wells (avg. 29.9 wt.% S: Fig. 9 ). Scales from low-and medium-pressure wells have comparable bulk sulfide contents. Distal Group V scales contain significantly less sulfide (avg. 2.13 wt.%).
Trace metals and metalloids
Gold: Group I scales below the boiling zone are all enriched in Au (avg. 172.5 ppm in scales from RN-22, 66.0 ppm in scales from RN-10, and 40.9 ppm in scales from RN-17B). Gold concentrations increase at the onset of boiling, and in the upper boiling zone Group III scales contain an average of 188.5 ppm Au. The highest Au concentrations downhole are in the high-pressure well RN-22, in which there is an overall increase in Au concentration towards the top of the boiling zone (wellhead). At the wellhead Au is significantly enriched in both medium-pressure (250 ppm Au) and high-pressure scales (avg. 134 ppm Au), but concentrations exceed 400 ppm Au in scales on the upstream side of the OP. Scales on the FFCV in high-pressure wells are particularly enriched (up to 948 ppm Au). Group IV scales are still highly enriched in Au, particularly in medium-and low-pressure wells (up to 421 ppm Au), even~32 m downstream in RN-23 (82.4 ppm Au in Group IV scales) and in distal Group V scales (average of 58.2 ppm Au).
Silver: Bulk Ag concentrations in the sulfide scales from all wells closely track Au. Silver concentrations increase from below the boiling zone (Group I), through the lower boiling zone (Group II) and in the surface pipelines (Group III: Fig. 8 ). Group I scales from RN-22 contain an average of 122 ppm Ag, samples from RN-10 contain 66 ppm, and the deepest samples from RN-17B contain 24 ppm. Silver is most enriched in scales near the top of the boiling zone (wellhead and upstream of OP), averaging 6612 ppm and up to 1.77 wt.% on the FFCV. After the OP, Ag concentrations decrease in all well types ( Fig. 9 ), but eveñ 32 m from the OP in RN-23, Group IV scales still contain 1290 ppm Ag. Group V scales contain an average of 58 ppm Ag. Scales from the venthouse prior to fluid release to Grey Lagoon contain 10 ppm Ag, and the low-temperature precipitates in the Grey Lagoon contain a maximum of 0.15 ppm Ag.
Antimony: Group I scales below the boiling zone in RN-10 contain no Sb, and only trace amounts are found in scales from RN-22 (avg. 2.0 ppm) and RN-17B (1.2 ppm). At the onset of boiling, Sb concentrations increase gradually from the base of the lower boiling zone (avg. 2.71 ppm in Group II scales) to the upper boiling zone (avg. 26.5 ppm in Group III scales). The highest concentrations are found in scales from low-pressure wells, similar to Pb. Scales from the boiling zone in the surface pipes have an average concentration of 17.3 ppm Sb, but the concentrations drop sharply in scales after the FFCV and OP and are below detection at~32 m downstream. Distal Group V precipitates contain only 1 ppm Sb on average.
Arsenic: Only minor As is present in scales from below the boiling zone (avg. 22 ppm in Group I scales and below detection in RN-10: Table 3 ) and in the lower boiling zone (avg. 24 ppm in Group II scales). Arsenic concentrations are somewhat higher in Group II scales from RN-22 (avg. 62 ppm) compared to RN-10. The concentrations increase upwards through the boiling zone, similar to Sb, reaching an average of 279 ppm in Group III scales and 3030 ppm on the FFCV in the highpressure wells. Group IV scales from the high-and medium-pressure wells also contain significant As (avg. 254 ppm), but scales from the low-pressure wells, even on the FFCV, contain no detectable As. At 32 m downstream, scales contain no more than 26 ppm As, and the average concentration in Group V scales is only 6.5 ppm.
Mercury: Mercury was not detected in any Group I or Group II scales. However, Hg concentrations reach 34 ppm at 160 m depth in the upper boiling zone (Group III scales). Scales on the downstream side of the OP Fig. 10 . Bivariate plots of selected non-sulfide trace elements in different scales of the Reykjanes system. All data (except in Fig. 10d ) have been normalized to zero SiO 2 to remove the variable effects of dilution. A) Fe versus Al 2 O 3 showing a significant positive correlation in all scales. A substantial proportion of Fe in the Reykjanes scales is likely contained within Fe-aluminosilicates. B) A positive correlation of Al 2 O 3 versus Mn showing that Mn is primarily contained within Al-bearing minerals (e.g., clays) rather than ore-forming elements, particularly in low-pressure wells ( Table 6) Table 6 ). H) CaO versus Sr showing a positive correlation and that Sr likely substitutes for Ca in Ca-bearing minerals. I) A positive correlation of Br versus Li showing that these two elements represent a remnant brine phase. Abbreviations: LP = low-pressure wells, Group I scales = below boiling zone, Group II scales = lower boiling zone, Group III scales = upper boiling zone, Group IV scales = surface boiling zone, Group V scales = distal, lower-temperature scales. and FFCV (Group IV) also contain 14-32 ppm Hg. Mercury reaches a maximum of 46 ppm after the OP in the medium-pressure well RN-24 and tracks Cu, Au, and Se in the surface pipes. No Hg was detected in distal Group V scales.
Cadmium: Below the boiling zone, Cd concentrations in the Group I scales are generally high, reflecting the abundance of Zn-sulfide. Within the boiling zone, the concentrations are variable, decreasing slightly in Group II scales and then increasing again in the upper boiling zone and surface pipelines, tracking Zn (Fig. 8) . The concentrations in Group I scales average 0.42 wt.% (avg. 5642 ppm in scales from RN-22 and 4127 ppm in RN-10). Concentrations of Cd in scales from the upper boiling zone are similarly high (avg. 4578 ppm in Group III scales), especially in the high-and medium-pressure wells and immediately upstream of the FFCV and OP. Cadmium concentrations in the surface boiling zone are lower (avg. 1853 ppm) and decrease rapidly right after the OP (Fig. 9 ), but 32 m downstream, Group IV scales still contain up to 5220 ppm. Cadmium decreases in Group V scales but is still significant in scales from the separator station (avg. 271 ppm).
Tin: The highest concentrations of Sn (up to 77.7 ppm) were found in Group II scales within below the boiling zone. Tin concentrations decrease to the top of the boiling zone and are sporadic in the surface boiling zone. Group I scales from RN-17B and RN-22 contain an average of 17.7 ppm and 13.0 ppm, respectively. Concentrations of Sn from scales in the boiling zone (Group II) are uniformly~17 ppm. Tin increases slightly near the top of the boiling zone in high-pressure wells (max. 30.3 ppm), but it is below detection in medium-pressure wells. No Sn was detected in the surface boiling zone or distal Group V scales and appears to track the abundance of chalcopyrite in the system where it is most likely hosted.
Bismuth: Concentrations of Bi are low in all samples. Bismuth is present only in trace quantities in Group I scales from RN-10 (avg. 2.0 ppm) and RN-17B (0.2 ppm), and is not detected in any scales from the lower boiling zone. At the top of the boiling zone the scales in lowpressure wells contain only 0.4 ppm; somewhat higher concentrations are found in scales from the high-pressure wells on the OP and FFCV (avg. 14 and 9.4 ppm, respectively). Group V scales from the separator station contain only 2 ppm Bi on average, and Bi was not detected in precipitates from the Grey Lagoon.
Cobalt: The highest Co concentrations are in Group I scales from RN-10 (up to 622 ppm). Concentrations of Co are high in all scales from below the boiling zone (avg. 392 ppm in Group I) but decrease at the onset of boiling to an average of 170 ppm in Group II scales and 151 ppm in Group III scales (Fig. 8) . Cobalt concentrations increase again in scales immediately upstream of the wellhead, especially in high-pressure wells (up to 449 ppm in RN-23). The concentrations are 1-2 orders of magnitude higher in the high-pressure wells compared to the medium-and low-pressure wells (Fig. 9) . The concentrations drop after the FFCV and OP to an average of 60 ppm in Group IV scales. Thereafter, Co contents decrease rapidly through the surface pipes, and only trace Co is present in Group V scales from the separator station (avg. 12.2 ppm), Grey Lagoon (avg. 2.0 ppm) and venthouse (below detection). Cobalt is associated with all sulfide phases, but appears to most closely track Fe and Cu abundance downhole.
Nickel: High concentrations of Ni are found in scales from below the boiling zone (avg. 187 ppm in Group I scales), with the deepest scales at 2700 m depth in RN-17B containing 456 ppm. Nickel concentrations increase to an average of 231 ppm in Group II scales at the onset of boiling and then decrease towards the top of the boiling zone (avg. 48 ppm in Group III scales). Scales from the high-pressure wells contain an average of 80 ppm Ni in Group III scales, but no Ni was detected in the Group III scales from the medium-pressure wells and only minor Ni was found in the low-pressure wells. Scales on the FFCV and at the OP contain only trace Ni, although higher Ni was found in scales further downstream in high-pressure wells (avg. 50 ppm). Nickel is below detection in Group V scales.
Selenium: High concentrations of Se are found in scales from below the boiling zone (avg. 563 ppm in Group I scales), with scales from RN-10 containing an average of 763 ppm, although the scales from 2700 m depth in RN-17B contain only 17.8 ppm Se. Selenium concentrations decrease to an average of 204 ppm in Group II scales at the onset of boiling and then increase again towards the top of the boiling zone (avg. 725 ppm in Group III scales: Fig. 9 ). Group III scales from RN-22, between 669 m and 141 m, are significantly enriched in Se (avg. 1144 ppm), reaching a maximum of 1600 ppm and then decreasing to the surface wellhead. Scales from the high-pressure wells have generally higher concentrations of Se than scales from medium-pressure wells. Selenium concentrations in scales from the surface boiling zone (avg. 527 ppm in Group IV scales) are comparable to those in Group I scales below the boiling zone. Scales on the FFCV average 865 ppm Se in the medium-and low-pressure wells, and then the concentrations drop sharply right after the OP. However, Se concentrations in the highpressure wells still reach 497 ppm~32 m downstream. There is also significant Se in scales from the distal parts of the system (avg. 75.5 ppm in Group V scales at the separator station and avg. 20 ppm in Grey Lagoon). No Se was detected in scales from the venthouse. Tellurium: Scales that formed below the boiling zone have high concentrations of Te (avg. 61 ppm in Group I scales), with the highest concentrations in scales from RN-10 (up to 79 ppm Te). However, the deepest scale sample from RN-17B contains only trace Te (0.4 ppm). Low concentrations were found in scales formed at the onset of boiling (avg. 13.8 ppm in Group II scales), and then concentrations increase towards the top of the boiling zone (avg. 58 ppm in Group III scales from medium-pressure wells). Scales on the OP in medium-pressure wells contain a maximum of 63 ppm Te. Tellurium was not detected in any Group III or Group IV scales from low-pressure wells. Tellurium concentrations in scales formed by boiling in the surface pipes are 20-30 ppm, and concentrations decrease downstream rapidly away from the OP. Tellurium was not detected in Group V scales from the Grey Lagoon or venthouse; however, a single sample with 67 ppm Te was collected from the separator station.
Molybdenum: Group I scales contain an average of 38.5 ppm Mo, with up to 69.9 ppm in scales from 2700 m depth in RN-17B, although Group I scales from RN-10 have low Mo (avg. 4.3 ppm). Molybdenum concentrations increase slightly at the onset of boiling in Group II scales, with average concentrations of 62.8 ppm, and then decreases to the top of the upper boiling zone in both high-and low-pressure scales. Mo was not detected in the upper boiling zone of medium-pressure wells, and only traces of Mo are present~32 m downstream of the OP. However, Group V scales from the separator station contain an average of 22.3 ppm Mo.
Gallium: Group I scales below the boiling zone contain an average of 12 ppm Ga, with 13.9 ppm in RN-17B and 19.6 ppm in RN-22. Gallium concentrations increase in Group II scales from the bottom (avg. 12.9 ppm) to the top of the boiling zone (up to 26 ppm) and then decrease in the surface boiling zone. Gallium concentrations are generally higher in scales from low-pressure wells. Group V scales are notably enriched in Ga, and samples from the venthouse are most enriched (63 ppm). Samples from the separator station (avg. 12.6 ppm) and Grey Lagoon (avg. 23.2 ppm) also contain significant Ga. Gallium is not strongly correlated with the sulfide content of the scales and the positive correlation of Ga and Al indicates that Ga is likely hosted in Albearing non-sulfide phases such as clays (Fig. 10d) , behavior which is similar to Mn (Fig. 10c) .
Vanadium: Group I scales below the boiling zone contain significant amounts of V (avg. 191 ppm), notably in scales from . At the onset of boiling, the concentrations in Group II scales are 98 ppm, on average; they vary in the lower boiling zone but then increase in the upper boiling zone to an average of 208 ppm V. Concentrations of V in scales from the surface boiling zone average 35.9 ppm and are higher, on average, in the medium-and low-pressure wells. At 32 m downstream there is still significant V in Group IV scales (119 ppm), but Group V scales from the separator station contain only 21.5 ppm V. Samples from the Grey Lagoon contain an average of 11 ppm, and no V was detected in samples from the venthouse.
Chromium: Chromium is most abundant in scales from below the onset of boiling (Group I scales) and decreases to the top of the boiling zone. Chromium concentrations increase again in the distal Group V scales. Group I scales contain an average of 435 ppm Cr, with 754 ppm in scales from RN-17B and an average of 371 ppm in scales from RN-22, although the scales from RN-10 contain no detectable Cr. All Group II scales contain an average of 281 ppm Cr, with an average of 699 ppm in scales from RN-22 and 176 ppm in RN-10. Scales in the upper boiling zone also contain high Cr (avg. 115 ppm) up to the wellhead. Chromium concentrations then increase again downstream in scales from all well types, especially after the OP in low-pressure wells (avg. 770 ppm) and in Group V scales from the separator station (avg. 333 ppm). Samples from the Grey Lagoon contain 95.5 ppm Cr, but no Cr was detected in the scales from the venthouse.
Tungsten: Concentrations of W are low in most scales. Group I scales below the boiling zone contain an average of 7.1 ppm W. Group II scales from the onset of boiling contain notable W, averaging 86 ppm (excluding one sample: see below). Concentrations in scales from the upper boiling zone (Group III) average less than 5 ppm, and the concentrations decrease sharply to the wellheads. Limited amounts of W (max 11.1 ppm) were found in scales from the surface pipes in high-and lowpressure wells, including on the FFCV, and no W was detected in medium-pressure wells. Samples from the venthouse contain up to 8 ppm W, but W is below detection in other Group V scales.
Germanium, Tl, In, U, and Th are present in trace quantities in all scales (Tables 4 and 5) . Samples from the upper boiling zone contain up to 15 ppm Ge (at the wellhead of RN-11) and 1.4 ppm Tl (in shallow downhole scales from . Scales from the surface boiling zone contain up to 1.3 ppm In, 0.7 ppm U, and 0.7 ppm Th.
Other elements
Calcium: Scales from below the boiling zone contain an average of 2.5 wt.% Ca, with the highest concentrations in scales from . Most of the calcium is likely present in Al-bearing smectites such as saponite, chlorites (e.g., corrensite), actinolite and epidote (Fig. 10e ). Calcium concentrations in the scales from the boiling zone are variable (0.02-4.8 wt.%); here, a higher proportion of Ca is likely contained in carbonate alteration minerals (Table 2) . However, higher concentrations are found in the scales on the OP and FFCV, and there is significant Ca in distal Group V precipitates (avg. 0.79 wt.%), particularly at the separator station (1.05 wt.% Ca). As carbonates were not identified in these samples, the Ca is most likely present in clays (e.g., Hardardóttir, 2011) .
Barium: Group 1 scales in RN-17B contain 42 ppm Ba; in RN-22 the average concentration is 34 ppm and somewhat lower in RN-10 (9 ppm). Similar concentrations of Ba are found in scales from the lower boiling zone, decreasing to the surface wellhead and in the surface pipes. Barium concentrations average 55 ppm in scales on the FFCV and OP but are generally lower in the low-pressure wells. The highest concentrations of Ba are in scales from distal Group V (avg. 37 ppm), with a maximum of 75 ppm in scales from the separator station. Barium is potentially hosted by Ba-bearing minerals such as barite and adularia similar to that observed by Libbey and Williams-Jones (2016c) . This is supported by a strong positive correlation between Ba and Al in Group I and Group II scales (Fig. 10f ), even though barite or adularia concentrations were potentially not high enough to be detected during XRD analysis.
Strontium: Concentrations of Sr are highest in Group I and II scales (max. 328.5 ppm) and decrease in Group III scales (avg. 16.2 ppm) where concentrations are uniformly low up to the Group IV scales (avg. 16.5 ppm). Strontium concentrations increase slightly in distal Group V scales (avg. 27.4 ppm), particularly from the venthouse (max. 189.4 ppm). Strontium is very strongly correlated with Ca and likely substitutes for Ca in minerals such as calcite or other Ca-bearing silicate phases confirmed by XRD data (Fig. 10g ; Table D1 ).
Aluminum (Al 2 O 3 ): Aluminum is most abundant in Group I scales (avg. 4.08 wt.%), decreasing only slightly in Group II scales at the onset of boiling (avg. 3.60 wt.%). Concentrations decrease further in Group III scales (avg. 1.24 wt.%) and then drop significantly in Group IV scales (avg. 0.42 wt.%). One anomalous sample from the venthouse contains 7.90 wt.% Al 2 O 3 . The XRD analyses confirm that Al 2 O 3 is mainly present in aluminosilicate minerals and clays (Table D1) .
Magnesium (MgO): Similar to Al, Group I scales contain the most Mg (avg. 4.33 wt.%) and concentrations decrease only slightly above the onset of boiling (avg. 3.02 wt.% in Group II scales). Magnesium contents are lower in Group III scales (avg. 1.52 wt.%) and decrease significantly across the OP and FFCV (avg. 0.40 wt.% in Group IV scales). The venthouse sample contains 9.73 wt.% MgO. Magnesium is mostly present in Mg-rich silicate minerals such as enstatite and diopside (as confirmed by XRD), and clay minerals in distal surface scales (Fig. 10h) .
Bromine: The sulfide scales in the lower part of the wells (both above boiling onset and below the boiling zone) contain traces of Br (< 15 ppm in all samples), possibly from evaporated brine. Scales on the OP in the high-pressure wells contain 22 ppm Br on average; distal Group V scales contain 159 ppm, and samples from the Grey Lagoon contain up to 429 ppm, following the brine into the discharge pool.
Lithium: Lithium was detected in only three Group I scales (max. 19.5 ppm) and was not detected in Group III scales until relatively shallow depths between 141 m and 669 m in . The highest measured Li was 27.2 ppm, in a Group III scale from RN-10. A small cluster of data above detection occurs in Group IV scales on the downstream side of the OP in the high-pressure well RN-22. One sample from the venthouse contained 15.3 ppm. A weak correlation with Br in the same samples suggests that most of the Li is related to evaporated brine (e.g., Fig. 10i) .
Fluorine: All samples analyzed for fluorine were below the minimum limit of detection (< 0.01 wt.%).
Boron: Boron was not detected in Group I scales and only one analysis was above detection (40 ppm) in Group II scales from 1168 m depth in RN-10. Boron was detected in Group III scales from RN-22 at 669 m, 449 m, 350 m, and 270 m depths (max 30 ppm). The highest measured B was 100 ppm in an upstream scale from the high-pressure well RN-10. Two downstream Group IV scales from RN-10 contained 40 ppm B, all other scale were below detection. Boron was above detection limit at 30 ppm in only one Group V sample from the Grey Lagoon. Likely due to scarcity of samples above detection limits, B has no obvious correlations with any other element.
Rare Earth Elements: Total REE concentrations are highest in Group I and Group II scales, decreasing in Group III (Table 4 ). The Group IV scales are slightly enriched in HREE (e.g., Yb, Lu), but all values are low and close to detection limits. Group V scales are depleted in REE compared to all other samples; all but La, Ce, Nd, and Dy are below detection. Fig. 11 shows REE plot profiles (chondrite-normalized) for each type of scale. Overall REE concentrations are extremely low and the profiles irregular because many elements are close to the detection limit; however, the weak negative Ce anomaly and positive Eu anomaly in some of the scales are similar to chimney samples from seafloor hydrothermal systems (Fig. 11) . Fowler et al. (2019) showed that REE concentrations in boiled hydrothermal fluids from the Reykjanes geothermal system are indeed lower than those in any high-temperature (> 240°C) submarine hydrothermal fluid encountered thus far, and appear to have a similar weak negative Ce anomaly and positive Eu anomaly similar to the chondrite-normalized bulk geochemical data in this study.
Discussion
Downhole scales from the high-temperature Reykjanes geothermal system have been analyzed for the first time in this study, including samples from below the boiling zone. The scales were collected during routine maintenance over several years. Deep downhole samples from RN-22 have good depth control determined directly from the retrieved well liner, but do not form a continuous downhole profile. Scales from RN-10 were collected in situ, and provide a more continuous profile with depth.
The distribution of the major minerals can be calculated from the mineral compositions and the bulk geochemistry. Table 6 lists the abundances for the sulfide fraction only (plus magnetite), normalized to zero SiO 2 to remove effects of variable dilution. For this calculation, all Pb was assumed to be in galena and all Zn equally distributed between sphalerite and wurtzite. Iron and Cu were attributed first to chalcopyrite, then bornite, and then the Cu-bearing sulfides (digenite and covellite) until all Cu was consumed. A portion of the remaining Fe and S was then assigned to Zn-sulfides, taking into account the Fe contents from the microprobe analyses (Table B1 .1). The remaining Fe balance was assigned to pyrite, pyrrhotite and magnetite based on relative abundances estimated from petrography. The Zn-sulfides (sphalerite and wurtzite, based on petrography) account for 60-70 wt.% of the total sulfide from below the boiling zone to the surface (Table 6) . Chalcopyrite accounts for~20 wt.% in the deep scales and lowermost boiling zone, whereas the sulfides in the upper part of the system contain roughly equal amounts of chalcopyrite and bornite, by weight. Covellite and digenite account for < 5 wt.% of the sulfides in the upper part of the boiling zone, and galena about 6 wt.%.
The compositions of the scales can be divided into two main groups: those enriched in elements deposited at high pressures and temperatures at depth in the wells (Fe, Mn, Zn, Cd, Cu, Co, Ni, Sn, Se, Te, V, Ni, Mo, W) , and those enriched in elements deposited at lower temperatures and pressures in the surface pipes (Pb, Ag, Sb, Bi, As, Hg, Ga). Consistent enrichments and depletions of the trace elements, according to temperature-dependent solubilities, are similar to those observed in seafloor chimneys and in ancient volcanogenic massive sulfide deposits (Fig. 12) . Scales formed at the highest temperatures below the boiling zone are particularly enriched in Fe, Mn, Co, and Ni, as well as Zn, Cd, and Sn. The latter are also highly enriched in scales throughout the boiling zone and on the FFCV and OP. Copper, Se, and Te are mostly enriched in scales from the lower (higher-temperature) part of the boiling zone, but also where flashing has been induced in the surface pipes at the FFCV. Lead, Ag, Sb, ( ± Bi) are mostly enriched in the upper (lower-temperature) part of the boiling zone and immediately downstream of the FFCV. Arsenic and Hg are enriched in scales even farther downstream. Other trace elements, such as Mo, Ga, V, and Cr are enriched in the deepest scales and also in silica-rich precipitates in the surface pipes, but are not present in abundance in the boiling zone. This behavior presumably reflects different aqueous complexing of these elements at different temperatures and precipitation in different mineral phases in different parts of the system (e.g., sulfides and oxides at depth; clays and other silicates in the downstream precipitates). Scales at depth and in the high-pressure wells have low silica contents compared to the surface pipes, owing to the high temperatures. Silica deposition occurs mainly in the surface boiling zone and especially where the fluids have cooled conductively in the surface pipelines. The presence of amorphous silica even prior to boiling is consistent with the higher pH of the Reykjanes fluids compared to MOR vents (lower pH in MOR systems has been proposed to inhibit kinetics of silica precipitation, e.g., Fournier, 1985 and discussed in Tivey et al., 1999) .
Brecciated samples indicate the possibility of clastic transport in the wells; however, the consistent downhole enrichments and depletions argue strongly against random contamination of the scales by remobilized material, or electrostatic scavenging of metals by the reducing steel liner and casing (McKibbon et al., 1990 ), although we have only analyzed scale material that is uncontaminated by well liners. For almost all samples, contamination from fragments of the steel pipes and drilling equipment also can be ruled out. Fowler and Zierenberg (2016) suggested that drill cuttings in well RN-17B were contaminated by Cu, Ni, Ta, and Nb from drilling equipment (e.g., alloys in Cu-Ni-rich nonmagnetic drill collars, and Na and Ta from worn drill bits). In the absence of magnetite or other spinels in drill cuttings, they also attributed high Cr concentrations to Cr-rich alloys commonly used in drill bits, stabilizers, and drill collars. However, we found no consistent correlation between Cr, Cu, Ni, Ta, or Nb in the analyzed scales. One likely reason is that most of the scales in this study were removed from the Fig. 11 . Chondrite-normalized rare earth element (REE) plot for average scale REE contents across the Reykjanes geothermal system. The scale profile is fairly flat; however a slight negative Ce anomaly positive Eu anomaly resemble those of seawater-dominated submarine hydrothermal systems. Chondrite-normalized data for seawater (Li et al., 1991) , and Reykjanes basalt are also presented for comparison. The average REE composition of Reykjanes basalt (n = 34) was calculated from data held in the GEOROC database (https://georoc.mpch-mainz.gwdg.de).
pipes without cutting, whereas the wall rock samples described by Fowler and Zierenberg (2016) were obtained by drilling. An exception may be the high Cr in some scale samples from RN-10, which were removed by a rotary drilling method used to clean the well. However, metal geothermal pipe shards present in some of our samples were removed during sample preparation using a strong magnet, and there are significant amounts of naturally occurring magnetite, minor rutile, and trace spinel in the samples that can account for all or most of the Cr and Ti (Table 2) . Niobium and tantalum were not detected where Cr is high, ruling out the contamination suggested by Fowler and Zierenberg (2016) , and Cr is positively correlated with other elements that show a strong temperature dependence in the wells (e.g., Fe, Ni, Sn, Mo, Co, Mn, Cd; Fig. 13a-c) . Several samples that do contain elevated W, Nb and Ta (scales from 1245 m in RN-10 with 9.6 ppm Nb, 212 ppm Ta, and 2700 ppm W) do appear to have been contaminated by pipe shards (Fig. 13d) . These elements were removed from the dataset for this sample and for four other samples from RN-10. Importantly, scales from RN-17B were not collected from the linings of the wells but rather are scales precipitated directly from the geothermal fluid onto the housing of a downhole experiment, and were then carefully removed in the laboratory. These scales contain magnetite and high Ni, Mo, Mn, Sn, W, and Cr, but low Ti and no Nb or Ta.
Trace metal associations
Inter-element plots of selected metals and metalloids are shown in Fig. 14, and the Pearson correlation coefficients for element pairs listed in Table 7 . All element abundances are strongly influenced by dilution of the sulfide component by SiO 2 , therefore data have been normalized to zero SiO 2 to eliminate this effect.
Zinc concentrations are strongly correlated with elements commonly incorporated in Zn-sulfides (Cd, Se: e.g., Fig. 14a ) as observed in SMS deposits (e.g., Monecke et al., 2016) . The Zn:Cd ratio of~100:1 is consistent with a uniformly high Cd concentration in sphalerite of 0.61 wt.%. Selenium has a robust positive correlation with Zn in the majority of scales reflecting primary incorporation into sphalerite (Fig. 14b ). Positive correlations of Cu, Zn, Se and the prevalence of Znsulfide mineralization at high temperature has previously been hypothesized to in part reflect relatively high pH of higher temperature vent fluids versus most MOR vent fluids (e.g., Kristall et al., 2011) .
Selenium is strongly correlated with Fe and Cd in downhole Group I and II scales, reflecting deposition in high-temperature Fe-rich sphalerite and wurtzite. Selenium is also positively correlated with Cu and Hg in Group IV scales ( Fig. 15a and b) , and this may reflect the similar behavior of Se, Cu, and Hg as minor volatile species in the hydrothermal fluids (e.g., Monecke et al., 2016) . A weak positive correlation of Se with Pb in low-pressure Group IV scales (Fig. 15c) , likely reflects Se incorporation into Se-bearing galena or trace clausthalite (PbSe) in surface pipe scaling (e.g., Hardardóttir, 2011; Grant et al., 2015) .
Copper does not correlate with Fe, except in samples where only one Cu-(Fe)-sulfide dominates, as in the bornite-rich scales (Fig. 14c) . Copper correlates well with Zn in scales from low-pressure wells and from the upper (i.e., lower-temperature) boiling zones, but it does not correlate with elements such as Te or Co, as in many SMS deposits. Instead, in many scales, Cu correlates most strongly with Ag (e.g., Hardardóttir et al., 2010) . Cobalt correlates positively with Fe, Zn, and Cd in all scales (e.g., Fig. 14d ), and is particularly enriched in Group I scales below the boiling zone (Fig. 16a ). Cobalt and Se are positively Calculated normative abundances of the principal mineral phases in scales from the Reykjanes geothermal field. Normative calculations were performed for each scale group rather than combining all samples over the entire profile. Data was normalized to zero SiO 2 to remove effects of dilution and this table represents the normative mineralogy of the sulfide fraction (plus magnetite) only. For the purposes of this calculation, all Pb was assumed to be in galena and all Zn were assumed to be in Zn-sulfides (sphalerite and the high-temperature sphalerite polymorph wurtzite). All Cu was assumed to be in the Cu-sulfides of chalcopyrite, bornite, and covellite and Cu was apportioned according to relative mineralogical abundances estimated from petrography. Compositions in regular type are from electron microprobe analyses (this study), data in italics denotes that stoichiometric compositions were used,^denotes electron microprobe data from Hardardóttir et al. (2010) , and '-' indicates this mineral was not present in a specific scale group. All Pb was assigned to galena and once all Pb was consumed, the remaining S, plus Fe and Cu were attributed first to chalcopyrite, then bornite, then covellite until all Cu was consumed. Using the average concentration of Fe and Zn measured in Znsulfides, the remaining Fe and S was then apportioned to Zn-sulfides until all Zn was consumed. The remaining Fe and S were then assigned to pyrite, pyrrhotite and magnetite respectively. Group I scales = below boiling zone, Group II scales = lower boiling zone, Group III scales = upper boiling zone, Group IV scales = surface boiling zone, Group V scales = distal, lower-temperature scales.
correlated in higher-temperature scales below the boiling zone (Group I) and in the lower boiling zone (Group II; Fig. 14e ). The unexpected correlation of Co with Cd and Zn may reflect the substitution of Co 2+ for Zn 2+ in ZnS, especially in high-temperature wurtzite (Vaughan and Rosso, 2006; Maslennikov et al., 2017) . Gold and Ag, which are enriched in scales throughout the Reykjanes system, are variably correlated with Cu, Cd, Te, Bi, and Pb in some but not all samples (Table 7) , Although no Au-tellurides have been observed, Te is correlated with Au throughout the Reykjanes system (Fig. 17a ). In Group I scales, Au shows strong positive correlations with Cd, Zn, Se, and S and negative correlations with Pb, As, Fe, Mn, and SiO 2 (Table 7) . In Group II scales, Au is correlated with Cd ( Fig. 17b) and Ag (Fig. 17c) . In Group II, II, and IV scales, Au is correlated with Hg (Fig. 17d) . The latter reflects lower temperatures of deposition and is consistent with the strong correlation observed between Ag and Pb in samples from the top of the boiling zone in medium-and low-pressure wells (e.g., Fig. 14f ). In these samples Ag is also positively correlated with both Sb and As (Fig. 14h and i) and Ag is likely hosted by Sbbearing galena in high-pressure wells (Fig. 14h ). Silver is strongly associated with Cu in Group IV scales dominated by bornite.
Iron is most strongly correlated with Mn, Ni, Cr, Mo, and Sn. The correlation with Cr, in particular, is consistent with these elements being hosted by both silicate and oxide phases, and both elements are weakly correlated with Ca and Ti. Manganese has a positive correlation with Fe ( Fig. 14j) and Mo (Fig. 14k ), but is not correlated with Ti. This observation is consistent with Libbey and Williams-Jones (2016b) who reported that hematite in the Reykjanes host rock is enriched in Mn relative to sulfide phases. The occurrence of Ni is enigmatic and even though it is enriched, Ni does not directly correspond to any major metals or sulfide mineral throughout the system and is likely primarily associated with a non-sulfide phase. The non-sulfide phases of the scales dictate the behavior of other elements, such as Ga and V. Gallium and V are positively correlated with each other and with SiO 2 (e.g., Fig. 10c ) and negatively correlated with Cu, Zn and S, confirming a fundamentally different non-chalcophile behavior for these elements (Wood and Samson, 2006) . In the lower temperature distal parts of the system, both Ga and V are positively correlated with strongly lithophile elements (e.g., Cr, Sr, Rb, Sc, and Ba), the lanthanide REE, and all major oxides except for MnO. Thus, they are most likely present in silicates or clays, although Hardardóttir (2011) also noted increased V concentrations in association with maghemite in scales from RN-22. The behavior of Ga and V contrasts with that in seafloor sulfide deposits, where these elements are generally correlated with Cu and Zn (e.g., Grant et al., 2018) .
A principal components analysis of the bulk geochemical data on the scales is shown in Table 8 , which shows the loadings on the first six factors accounting for 60% of the total variance in the dataset. Large positive loadings on Factor 1 for Fe, Ni, Cr, Mo, Sn, Ga, Ca, Ti, and SiO 2 reflect the co-enrichment of these elements in the oxide and silicate phases. Negative loadings for Zn, Se, S, Ag, Cu, and Pb reflect their coenrichment in sulfides both below the boiling zone (Group I) and at the OP in the upper boiling zone. Positive loadings on Factor 2 for Co, Se, and Cd reflect the association of these elements with the Zn-sulfides in all scales. Positive loadings on Factor 3 for SiO 2 , Na 2 O (and Br) correspond to low-temperature precipitation in distal fluids from which most of the metals have already been lost (i.e., downstream Group IV and Group V scales). High positive loadings for Mo, As, and Sb on Factor 4 reflect metal deposition immediately downstream of the OP in the surface boiling zone. The trace metal associations evident in the sulfide scales are similar to those previously reported for the altered and mineralized host rocks sampled in drill cuttings (e.g., Pope et al., 2009; Marks et al., 2015; Libbey and Williams-Jones, 2016b) .
Controls on ore element distribution
The Reykjanes system can be viewed as mostly a closed system (particularly in surface pipes) as there is limited or no influx of cold seawater reacting with the hot hydrothermal fluid. Scaling is caused by pressure (and temperature) decrease due to boiling during power production. The main ore minerals (sphalerite and wurtzite, chalcopyrite and bornite, galena, native silver and electrum) are precipitated due to abrupt changes in temperature and pH during phase separation, with the acid-generating gases CO 2 and H 2 S partitioning into the vapor phase (see Fuchs et al., 2019, for a review) .
Cooling in response to boiling is an effective depositional mechanism for the major metal sulfides (Bourcier and Barnes, 1987) . Zinc is precipitated as the hexagonal polymorph wurtzite at higher temperatures and mainly as the cubic polymorph sphalerite at and below 250°C (Scott and Barnes, 1971) . Chalcopyrite precipitation occurs mainly at temperatures between 280°and 320°C, coincident with the onset of boiling in the Reykjanes system. In the high-pressure wells, more of the Cu remains in solution up to the FFCV where the largest pressure and temperature decrease in the boiling zone occurs, and producing scales with the highest Cu concentrations (e.g. Fig. 16b ). In many wells, unordered intermediate Cu-Fe-S solid solutions (i.e., along the bornite-digenite join above 265°C: Grguric et al., 2000) are produced as a result of rapid quenching, and in many cases, the Cu-and Cu-Fe-sulfides (especially bornite and digenite) appear to have formed by exsolution from an original Cu-Fe-S solid solution (Fig. 6l) . These microscopic intergrowths are particularly characteristic of Group III and IV surface scales (Hardardóttir et al., 2010) . The formation of optically visible exsolution products has been ascribed to coalescing of sub-microscopic domains initially formed during the quenching process (Grguric and Putnis, 1999) . Conversely, galena and other Pb-bearing sulfides are most abundant in medium-pressure wells immediately upstream from the OP (Fig. 16b) , and somewhat further downhole in lower-pressure wells. Abundant galena is first observed in the scales at the wellhead (T max = 247°C in .
Because the Au is likely transported as aqueous sulfur complexes, any process that cause a loss of reduced sulfur, such as sulfide precipitation, boiling, or fluid mixing will destabilize the Au complexes . Boiling is the dominant precipitation mechanism, and the abundance of Au (i.e., electrum) in the wells increases dramatically with the onset of boiling (e.g., Williams-Jones and Migdisov, 2014; Fuchs et al., 2019) . Whereas Ag-chloride complexes predominate at aquifer temperatures, at boiling temperatures, Ag may also be partly transported as aqueous sulfur complexes, like Au (e.g., AgHS 2 -: Stefansson and Seward, 2003) . In the deeper scales, Ag is mainly present with Au in electrum, rather than as native Ag, and commonly in association with chalcopyrite. Native Ag becomes increasingly abundant at shallow depths in Group III scales in the upper boiling zone. The native Ag filling fractures in scales from RN-21 may have exsolved from Ag-rich Cu-and Cu-Fe-sulfide phases and precipitated in fractures that formed during cooling (e.g., Hardardóttir et al., 2010) . The skeletal habit of the native Ag suggests that precipitation was a response to rapid changes in hydrothermal fluid conditions. The spectacular enrichment of Ag at the top of the boiling zone (two orders of magnitude compared to deep scales) and the presence of visible native silver must reflect processes related to flash boiling. However, native silver is also common in late fractures in the scales on the OP and FFCV and immediately upstream or downstream. One interpretation is that Agbearing Cu-and Zn-sulfides first precipitated in the scales, and the Ag was remobilized (possibly from solid solution) into the cooling fractures (cf. Hardardóttir et al. 2010) . The distribution of the major and trace metals is mainly due to the temperature-dependence of their aqueous complexes. Zinc, Cd, Pb, and Mn are highly soluble as neutral to weakly-charged chloride complexes (e.g., ZnCl 2 0 , CdCl 2 0 , CdCl 3 -, MnCl 2 0 , MnCl + ) in high-temperature saline hydrothermal fluids above 300°C (Suleimenov and Seward, 2000; Bazarkina et al., 2010) , and therefore are not expected in the high-temperature scales. However, fluctuations in pressure during artificial well management may have caused the precipitation of these elements even in the deepest parts of the system. At depths deeper than the boiling zone, Co and Sn, which are transported mainly as chloride complexes in high-temperature, acidic, reduced, saline hydrothermal fluids above 300°C (e.g., Heinrich, 1990; Liu et al., 2011; Migdisov et al., 2011) , are consistently enriched in the Group I scales. Libbey and Williams-Jones (2016b) also noted increased Co concentrations in drill cuttings of mineralized rocks from below the boiling zone. The concentrations decrease with decreasing temperature towards the top of the boiling zone. Iron, Mn, and Ni are transported to lower temperatures than Co and Sn reflecting the relative stabilities of their aqueous complexes (e.g., Suleimenov and Seward, 2000; Testemale et al., 2009; Liu et al., 2012) . Elevated concentrations of Ag, Au, As, Cd, Pb, Sb, and Zn occur at and above the boiling zone, and this was also observed in drill cuttings of altered rocks (Libbey and Williams-Jones, 2016b) . In general, higher temperatures (e.g., in highpressure wells) result in Cu-rich scales with low Ag but some As (e.g., Fig. 18 ), whereas lower temperatures, especially in the low-pressure wells, produce Pb-rich scales enriched in Ag in surface pipes.
Virtually all elements are enriched in Group II scales at the onset of boiling, in response to volatile loss from the liquid, pH change, and the cooling caused by heat loss required for vaporization (e.g., Williams-Jones and Migdisov, 2014; Fuchs et al., 2019) . The nearly quantitative deposition of Ag and Cu in all Group IV scales, on the downstream side of the OP and FFCV, may reflect the behavior of their aqueous sulfur complexes destabilized by rapid changes in pressure and temperature, compared to chloride complexes of these metals, which may be dominant in the deeper liquids . Abrupt pressure and temperature decrease at the OP to~22 bar and 220°C also promote significant deposition of Bi, Se, As, and Sb at the transition from Group III scales in the upper boiling zone to Group IV scales in the surface pipes. Arsenic, Sb, and Bi, which are all likely transported as neutral hydroxide complexes [Sb(OH) 3 0 , As(OH) 3 0 , Bi(OH) 3 0 : Susak and Crerar, 1985; Pokrovski et al., 2006; Tooth et al., 2013] are only deposited on the OP and FFCV. After the wellhead, a high proportion of the fluid in the surface pipes is steam. Hardardóttir (2014) described distinctive blue Cu-rich scales in the upper half of upstream high-pressure pipes (Fig. 5e: well  RN-22 ), which were interpreted as deposition from the vapor phase. This is where the steam phase and any volatile metals would be expected to accumulate. Samples of this type of scale from as much as 32 m downstream still contain up to 13.8 wt.% Cu. The strong association of Se and Hg with Cu in these scales (e.g., Fig. 15a ) supports the inference that all three were in the vapor phase in these pipes, in contrast to downhole scales, where Se is negatively correlated with Hg. These findings are consistent with the suggestion that Cu can partition into the vapor (steam) during phase separation as HS --bearing complexes in the presence of significant concentrations of sulfur (cf. Heinrich et al., 1999; Williams-Jones and Heinrich, 2005) .
High concentrations of Se and Te in the higher-temperature sulfides in Group I scales are consistent with their behavior in seafloor sulfide deposits (Auclair and Fouquet, 1987; Grant et al., 2018) . Selenium enrichment to 100's of ppm throughout the system, particularly in the high-pressure wells, reflects the strong temperature-and pH-dependence of the dissociation of H 2 Se, resulting in near complete removal of Se from the fluid phase above 300°C (e.g., Huston et al., 1995; Hannington et al., 1999) . Selenium is also enriched in distal Group IV and V scales where it is positively correlated with Hg and Cu, as noted above ( Fig. 15a and 15b) . Tellurium, which closely tracks Se in the deep scales of high-pressure wells (Fig. 15d) , likely reflects the similar behavior of H 2 Te and H 2 Se. The single sample with 67 ppm Te collected from the separator station could also reflect the volatility of Te.
Several elements such as Mo and W, which are found in both the deep high-temperature scales but also in the most distal pipes, are transported as oxyanions (e. ). Their unusual bimodal distribution is controlled by higher-temperature Cu-rich sulfides at depth and oxides and silicates at the surface. Manganese, which is highly mobile, remains in solution and is deposited in the silica-rich scales at the end of the pipelines. Gallium is transported by neutral to weakly-charged hydroxide complexes (e.g., GaOH + , Ga(OH) 3 o ; Wood and Samson, 2006) , and therefore its behavior is most similar to elements such as Mo. Similarly, there appears to be a strong redox control on the precipitation of V (see also Butler and Nesbitt, 1999) . High Ba in the separator station may reflect partitioning of the Ba into the chloride-rich brine during phase separation.
Comparison with SMS deposits
The behavior of the major and trace elements in the sulfide scales of the Reykjanes geothermal system has many similarities to other basalthosted seafloor hydrothermal systems, although there is a range of trace metal distributions in MOR vent fluids and deposits, reflecting highly variable reaction zone temperature, pressure, rock composition, and possible impact of sediment/organic material. Conversely, the scales are pyrite-poor, Zn-and Si-rich, and contain far more magnetite than most mid-ocean ridge systems.
The TAG massive sulfide deposit at 26°N on the Mid-Atlantic Ridge is a possible analog (Grant et al., 2018) . The TAG deposit is the only sediment-free basalt-hosted active, high-temperature seafloor hydrothermal complex that has been drilled from the seafloor to the bottom 
Table 7
Pearson correlation coefficients calculated on log-transformed bulk geochemical data normalized to zero SiO 2 for all scales from the Reykjanes geothermal field. of its stockwork zone (a depth of 125 m below seafloor: Petersen et al., 2000) . However, unlike the Reykjanes geothermal system, the TAG upflow zone is completely open to seawater and therefore has been affected by mixing, and the high pressures at 3400-3600 m water depth prevent extensive boiling of the hydrothermal fluids in the sub-seafloor. The compositions of the deepest scales at Reykjanes are similar to the highest temperature sub-seafloor stockwork mineralization at TAG, which is enriched in Cu, Co, Se, Bi, Sn, and Ni compared to the seafloor sulfides. The behavior of Se, however, which is locally enriched in the surface pipes, contrasts with typical seafloor hydrothermal systems, in which Se is only found in the highest-temperature sulfide assemblages. An atypical lack of correlation in Reykjanes scales versus typical seafloor hydrothermal systems is also observed for Zn and Ag due to the high pH of the Reykjanes reservoir fluids. In many/most MOR systems, wurtzite and sphalerite are saturated at significantly higher temperatures at a higher fluid pH. Since Ag is dominantly associated with lower temperature portions of deposits, under these conditions of high temperatures and an elevated fluid pH, there is a lack of correlation between Ag and Zn in the Reykjanes system (Tivey et al 1999; Kristall et al., 2011; Evans et al., 2017) .
The abundance of Zn-sulfides at depth, compared to Cu-(Fe)-sulfides, mainly reflects the bulk compositions of the deep fluids, which have a high Zn/Cu ratio (Hardardóttir et al., 2009 ) compared to black smoker vents. Similarly high Zn/Cu ratios have been observed in some MOR and back-arc systems with lower reaction zone temperatures than EPR systems (e.g., Lucky Strike and some on the eastern Lau Spreading Center: Mottl et al., 2011; Evans et al., 2017) . The influence of a higher pH is also reflected by precipitation of Zn-sulfide minerals either first or together with Cu-(Fe)-sulfides in the deep scales. If the pH is high, under these conditions sphalerite is precipitated at a much higher temperature than normally expected for MOR vents (Fig. 19) .
Lower-temperature parts of the seafloor mound at TAG are enriched in Zn, Cd, In, Pb, Ag, Sb, and Tl, similar to the lower-temperature scales in the surface pipes at Reykjanes. For the most part, Mn behaves conservatively in the TAG deposit (i.e., not precipitated in the deposit and mainly lost to the hydrothermal plume), similar to its behavior in the Reykjanes system. Local enrichment of Mn in the deepest scales at Reykjanes likely reflects processes similar to the Mn enrichment in nonsulfide phases (chlorite and amphibole) in the alteration zones of some seafloor hydrothermal systems (e.g., Heft et al., 2008; Gillis and Thompson, 1993) . Silica deposition at Reykjanes mainly is a consequence of conductive cooling of the brine phase in the surface pipelines, a process that is similar to the modeled deposition of silica by conductive cooling in the TAG deposit (Tivey et al. 1995) . A key difference between TAG and Reykjanes as noted above is the lack of seawater entrainment in the Reykjanes system. The higher pH at Reykjanes however, likely explains the elevated abundances of amorphous silica in scales compared to most mid-ocean ridge systems.
Fluids in the TAG hydrothermal systems have only boiled at very high temperatures, owing to the pressure of the overlying water column . However, boiling hydrothermal vents have now been documented widely and at a range of water depths comparable to the Reykjanes system (Monecke et al. 2014 (Monecke et al. , 2016 . Trace metal enrichments in the boiling chimneys are very similar to those documented in the scales at Reykjanes, with different metal associations at high-and lower-temperature boiling (Monecke et al., 2014; Gartman et al., 2018) . Fig. 20 compares the average trace element contents of Reykjanes scales to the bulk compositions of analogous high-temperature black smoker chimney samples from elsewhere along on the Mid-Atlantic Ridge. The majority of siderophile elements (e.g., Mn, Cd, Ni, Zn) are enriched in the Reykjanes system compared to black smokers, in part because of dilution by silica and sulfate in the seafloor vents. However, Fe, Co, Ga, Ge, In, and Mo are relatively depleted, implying a significant difference in fluid or source-rock concentrations. Copper, Se, and Te concentrations are similar. Gold, and the chalcophile elements Ag and Pb, are extremely enriched compared to MAR black smokers. Elements Pearson correlation coefficients for selected major and trace components calculated on log-transformed bulk geochemical data for all scales from the Reykjanes geothermal field. Data was normalized to zero SiO 2 to remove effects of dilution. Number of components (degrees of freedom) = 33. Correlations significant at the 99% confidence level are highlighted in bold and dark gray and correlations significant at the 95-99% confidence level are highlighted in bold and light gray. These significance thresholds (or critical values) are for n-2 degrees of freedom and a one-tailed t-test. '-' indicates no data. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) such as U, Tl, and Ba are depleted in the Reykjanes scales compared to seafloor black smokers because of the lack of seawater mixing in the wells.
The major differences in the trace metal concentrations between the Reykjanes scales and black smokers reflect the important role of boiling as a depositional mechanism; however, this cannot account for some of the high metal concentrations, as previously observed by Hardardóttir et al. (2009) . Hannington et al. (2016) recently suggested that some metal enrichment may be due to accumulation of the metals in the deep geothermal reservoir prior to discharge into the hydrothermal systema process that has not yet been observed in active seafloor hydrothermal systems. This is supported by the orders of magnitude differences in the ratios of Au, Ag, and Pb to the major elements for Reykjanes scales versus MAR black smokers (Fig. 21) . Average Ag concentrations (10-100 ppm) in the deep scales are typical of what has been observed in black smokers and in drilled stockworks; by contrast, it seems likely that most of the Au and Pb in seafloor hydrothermal systems are lost to hydrothermal venting.
Implications for metal budgets of seafloor hydrothermal systems
The mass accumulation of metals in the downhole scales of the highpressure well RN-10 between 2009 and 2014 can be estimated by assuming a uniform thickness of 0.5 cm from the wellhead to 1832 m depth. In the 5 years between cleaning of the well, approximately 24 tonnes (t) of scales had been deposited, consisting of 15.1 t sphalerite, 5.3 t chalcopyrite, 3.2 t bornite, 95 kg galena, and 44 kg electrum (calculations in Supp. Info. A1.1). Hardardóttir (2011) estimated that 1 t of sulfide scale per year (t/yr) are deposited in a single hightemperature surface well pipe; combined with the downhole scales, this corresponds to an estimated total mass accumulation rate of~5.7 t/yr for RN-10 (fluid discharge up to 2.3 kg/s; Sigurdsson, 2012) .
A sulfide accumulation rate of~5.7 t/yr in RN-10 corresponds to metal fluxes of 1.7 t/yr Zn, 0.3 t/yr Cu, 22.5 kg/yr Pb, 4.1 kg/yr Ag, and 0.5 kg/yr Au (Supp. Info. A1.2). Hardardóttir et al. (2009) calculated metal fluxes for the whole of the Reykjanes system from the metal concentrations in the deep fluids and estimated fluxes of~47 t/yr Cu, 47 t/yr Zn,~740 kg/yr Pb, 180 kg/yr Ag, and~9 kg Au. The data presented from RN-10 indicates that relative to the metal contents of deep fluids feeding the entire geothermal system, the metal contents of Cu in particular in RN-10 scaling may be less than would be expected. However, across the entire system (i.e., RN-10 is one of the 16 current production wells), accumulation of Zn, Pb, Ag, and particularly Au may be roughly comparable. By comparison to a large SMS deposit, the calculated mass accumulation rates for the TAG active mound are 7.6-15.2 t/yr Cu, 1.5-3.0 t/yr Zn, 38-76 kg/yr Pb, 5.3-10.6 kg/yr Ag, and 0.19-0.38 kg/yr Au, assuming metal contents of 76 kt of Cu, 1.5 kt of Zn, < 380 t Pb, 53.2 t Ag, and 1.9 t of Au accumulated over the estimated 5000-10,000 years which the mound has been active (Lalou et al., 1995; Hannington et al. 1998) . Calculated metal fluxes for one high-temperature Reykjanes production well show higher fluxes of Au compared to the entire TAG active mound, comparable fluxes for Zn, Fig. 17 . Bivariate plots of Au versus Te, Cd, Ag, and Hg in different scales of the Reykjanes system. All data are normalized to zero SiO 2 to remove the variable effects of dilution. Gold concentrations are comparable in all of the wells within the boiling zone (e.g., Group II scales and higher). Below the boiling zone, Au concentrations in Group I scales are high in RN-17B and RN-22 but low in RN-10. A) Au versus Te showing positive correlations in Group II, III, and IV scales. Gold concentrations are highest in Group III and IV scales from medium-pressure wells. B) Au versus Cd showing positive correlation in Group I and II scales. C) Au versus Ag showing positive correlations in Group II scales indicating Au is hosted by electrum above the onset of boiling. Gold and Ag are not correlated in other scale groups. D) Au versus Hg showing positive correlations in all Group III and Group IV scales. Group I scales = below boiling zone, Group II scales = lower boiling zone, Group III scales = upper boiling zone, Group IV scales = surface boiling zone, Group V scales = distal, lower-temperature scales.
Pb, and Ag, and a much lower flux for Cu. Table 9 shows the calculated amount of potential metal accumulation in well RN-10 during the life of the Reykjanes system (~20,000 years; Hardardóttir, 2011) , if we assume continuous deposition of scales and no limitation on the space that could be filled with sulfides (calculations in Supp. Info. A1.3). The mass accumulation and metal flux calculations for only one production well indicate that the Reykjanes system is highly enriched in the trace elements Pb, Au, and Ag compared to the mature TAG mound, similar to that shown in Fig. 20 . The calculated mass accumulation rates in Table 9 are also reasonable for mid-ocean ridge seafloor hydrothermal systems. There are currently 16 wells in operation, and assuming all deposited the same amount of scales (see Supp. Info. A1.3),~91 t of sulfide is deposited in the geothermal wells at Reykjanes every year. Jamieson et al. (2014) calculated sulfide mass accumulation rates ranging between 1 and 794 t/yr for selected hydrothermal fields; a rate of~91 t/yr for the whole Reykjanes system is geologically reasonable and is comparable to estimates for numerous high-temperature basalthosted seafloor hydrothermal systems (e.g., 101 t/yr at Snakepit; Jamieson et al., 2014) .
Direct observations from this study show that at least three quarters of the metal budget of a similar boiling seafloor hydrothermal system may be deposited at depth or in the upflow zone (i.e., downhole pipes), before ever reaching the surface (e.g. Table 9 ). A comparison of published data by Hannington et al. (2016) on the composition of the deep liquids with the surface discharge shows that Fe, Zn, and Ni are nearly quantitatively precipitated in the sulfides downhole, 70-90% of the Mg is deposited, mainly as clay minerals, but only 30% of the As is deposited. This is consistent with the relative mass accumulations for these metals in downhole pipes versus surface pipes in Table 9 .
The discovery of a supercritical fluid reservoir at 4.5 km depth at Reykjanes (Fridleifsson et al., 2017) , and the accumulation of Au and potentially Ag and Pb in deep reservoirs , and this study) further highlights the potential for metal enrichment and accumulation in the deep parts of the geothermal system. The deposition and residence of metals within the lower oceanic crust is supported by mass balance calculations in other deep oceanic crust profiles such as Hess Deep, Pito Deep, and Hole 1256D (e.g., Gillis and Thompson, 1993; Heft et al., 2008; Alt et al., 2010; Jowitt et al., 2012; Patten et al., 2016) . Metal trapping efficiencies ranging from 4 to 37% were estimated by Patten et al. (2017) in the Troodos ophiolite between lower sheeted dyke sections and associated VMS deposits. Deep trapping processes may be much more common in the subseafloor than previously thought. Indeed, ODP drilling at the sedimented Middle Valley deposit found deep Cu-rich zones with grades between 8.0 and 16.6 wt. % below well-developed stringer zones (Zierenberg et al., 1998) ; these concentrations fall within the range of Cu grades of Reykjanes scales.
Conclusions
This paper focuses on observations of geochemical enrichments and depletion within the upflow zone of the Reykjanes geothermal system, a system directly analogous to basalt-hosted seafloor hydrothermal systems. Sulfide-rich scales in the geothermal wells provide a snapshot of metal precipitation from the hydrothermal fluids, in the absence of significant mixing with seawater as occurs in active seafloor hydrothermal systems. Well-constrained conditions of formation enable a rigorous interpretation of the behavior of trace elements, with Co, Se, Cu, and Sn deposited in the highest-temperature scales; Mo, As, Ni, and Te in high-to intermediate-temperature scales, and Ag, Pb, Sb, Zn, Cd, and Mn in lower-temperature scales. Distal hydrothermal precipitates, downstream of the OP and FFCV and in the separator station are enriched in Ga, V, Br, and SiO 2 . These majority of these element associations show many similarities to trace element distribution in subseafloor SMS mineralization, as observed in the large, actively-forming TAG deposit (Grant et al., 2018) . However mineralogical and trace element associations also show several differences compared to known SMS sub-seafloor mineralization: i) fluid pH is slightly acidic but high compared to most MOR vent fluids, and this high pH may explain the high abundances of Zn-sulfide minerals and amorphous silica in the scales; iii) high Cu, Zn, and Ag concentrations in sulfide scales likely in part reflect a combination of the relatively high Cu, Zn, and Ag concentrations and lower Fe concentrations of the Reykjanes fluids compared to most MOR fluids but also the efficiency of deposition of the metals and the lack of dilution by minerals precipitated during mixing with seawater (e.g., anhydrite); iv) Fe is surprisingly scarce; and v) Cu and Se which normally demarcate the highest-temperature mineralization, are also present in appreciable quantities in lower-temperature scales.
Additionally, and of greater significance, is that the Reykjanes scales show the significant influence that boiling has on the "subseafloor" deposition of the majority of trace elements. At least three quarters of the Reykjanes metal budget is deposited at depth or in the upflow zones of the boiling system. Deposition of a significant proportion of the metal budget deep in submarine hydrothermal systems has profound implications for metal enrichment and accumulation at depth and supports previous observations in ophiolites. The spectacular concentrations of Au in the scales from all parts of the boiling zone and throughout the surface pipelines reflect the efficiency of gold deposition due to boiling but also high concentrations of Au (and potentially Ag and Pb) that have accumulated in the reservoir liquids.
A calculated mass accumulation rate of~91 t/yr for the Reykjanes The first six factor loadings resulting from Principal Components Analysis are ordered according to the percentage of total variance in the dataset. The data were normalized to zero SiO 2 to account for variable dilution effects. Fig. 19 . Phase diagram of predominant Fe-mineral species as a function of the temperature and log fO 2 of the hydrothermal fluids from the Reykjanes geothermal field. To show how the solubility of the two major sulfide minerals in the Reykjanes system changes when pH is increased, sphalerite and chalcopyrite solubilities were plotted for pH (in situ) of 5.7 and 6.5 respectively. The in situ pH of 5.7 was calculated from the measured pH (at 25°C) of 5.3 . The red and blue lines are selected solubilities for sphalerite and chalcopyrite at the indicated pH. The higher pH of the Reykjanes fluids results in a large change in the solubility of sphalerite at higher temperatures, as indicated by the shift to the right of the 10 ppm solubility contour for sphalerite at pH 6.5 versus a pH of 5.7 (red arrow). An increase in pH does not significantly influence the solubility of chalcopyrite. The phase diagram was generated using thermodynamic data taken from the recent version of the SUPCRT database (Johnson et al., 1992) , implemented in the Geochemist's Workbench software package (detailed description in Fuchs et al. 2019 . Conditions to the right of the dotted line are highly reduced; water is not stable under these conditions and mineral phases are not precipitated. A pressure of 500 bars was assumed, and an average fluid composition of ΣS = 39 mg/ kg, Cl -= 18200 mg/kg were used (data from Hannington et al. 2016) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 18 . Paired ternary plots showing the different distributions of As and Ag in Reykjanes scaling. All data have been normalized to zero SiO 2 to remove the variable effects of dilution. On the left side are mostly lower-pressure and lower-temperature Pbrich scales from Groups III and IV, some with high Ag (low-pressure wells) and some with high As (high-pressure wells). On the right side are mostly Cu-rich downhole Group I and II scales from highpressure wells with low-Ag, but some As. Group I scales = below boiling zone, Group II scales = lower boiling zone, Group III scales = upper boiling zone, Group IV scales = surface boiling zone, Group V scales = distal, lower-temperature scales. Fig. 21 . Ratios of the trace metals Au, Ag, and Pb to major elements in Reykjanes scales and Mid-Atlantic Ridge (MAR) black smoker samples. Gold, Ag, and Pb are highly enriched in Reykjanes scales relative to analogous black smokers (Fig. 20) . Orders of magnitude lower ratios in the Reykjanes samples illustrate the enrichment of Au, Ag, and Pb in hydrothermal fluids. Deposition of metals in the closed Reykjanes system is highly efficient compared to MAR fluids where the vast majority of metals are lost to hydrothermal venting. However, the sheer magnitude of difference in ratios supports the observations of Hannington et al. (2016) that metals such as Au, Ag, and Pb can accumulate in deep hydrothermal reservoirs and that the total metal budget of seafloor hydrothermal systems is far greater than previously estimated. Fig. 20 . Comparison of average bulk geochemistry for all scale samples (n = 129) from the Reykjanes geothermal field versus average bulk geochemical data for high-temperature black smoker samples (n = 103) from analogous basalt-hosted Mid-Atlantic Ridge (MAR) SMS deposits (GEOMAR unpublished database). Elements plotting above the 1:1 line are enriched in Reykjanes sulfide scales, and elements plotting below the 1:1 line are enriched in MAR samples. The darker the marker, the higher the relative enrichment. Gold, Ag, and Pb are significantly enriched in Reykjanes scales, and Ba is depleted compared to MAR black smoker sulfides. See Section 5.3 for discussion.
geothermal system is comparable to other large, high-temperature basalt-hosted seafloor hydrothermal systems elsewhere on the Mid-Atlantic Ridge. Estimates of the total metal accumulations over the 20,000 year lifetime of the Reykjanes system indicate significant enrichment of Zn, Pb, Au, and Ag relative to metal contents of both modern and ancient mafic-dominated seafloor massive sulfide deposits. Calculated total mass accumulations over the lifetime of Reykjanes production well RN-10 for all major and trace elements in this study. Data are in tonnes for a) metals and b) other elements. Data for the REEs are in kilograms. Calculations are based on an estimated mass sulfide accumulation rate of~5.7 t/yr sulfide (see text Section 5.4) extrapolated to 20,000 years, and average bulk geochemical data. Calculation methods are outlined in Supp. Info. A1. Mass accumulations are separated into downhole (below surface wellhead) and surface pipes as Hardardóttir (2011) previously estimated mass accumulation rates for surface pipes. Estimations of downhole mass sulfide accumulation are from this study (text Section 5.4). Data are separated into three sections to distinguish a) primary metals of interest, b) other elements, and c) REEs. Elements denoted with a * are considered as 'critical' or 'strategic' by the European Commission and/or the U.S. Geological Survey (EU Commission, 2017; USDoE, 2018) . '-' indicates either no data are available, or data are below detection limits.
